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FOUNDATIONS 


(PART 1) 


INTRODUCTION 


1. Definitions.—It is obvious that the weight of any 
artificial structure must be, directly or indirectly, transferred 
to and carried by some part of the natural surface of the 
earth. The word foundation, as used in connection with engi- 
neering structures, is commonly applied both to the natural 
material, or the portion of the earth’s surface, on which a 
structure rests, and to the lower part of the structure itself 
that is in contact with or contiguous to the natural surface. 
To prevent the confusion likely to result from this indefinite 
use of the word, various distinguishing terms have been 
employed. Some writers call the natural surface on which 
the structure rests the foundation bed. Here, however, 
the term szbfoundation, which seems appropriate, will be used 
instead of foundation bed, and the following definitions will 
be adopted: 

The subfoundation of a structure is that part of the 
natural surface of the earth on which the structure rests. 

The foundation of a structure is not only that part of the 
structure that is directly in contact with the subfoundation, 
but also as much of the lower part of the structure as may 
have to be modified to properly connect the structure with the 
subfoundation. Thus, if a bridge pier rests on level solid 
rock, equal in strength to the material of which the pier itself 
is composed, it may be safely designed as shown in Fig. 1, 
in which case the foundation is restricted to, at most, the 

COPYRIGHTED BY INTERNATIONAL TEXTBOOK COMPANY. ENTERED AT STATIONERS’ HALL, LONDON 

246 

ILT 316—2 


D) FOUNDATIONS $ 46 


first course of masonry. But if it is necessary to distribute 
the weight of the structure over a larger area of subfounda- 
tion, as much of the lower part of the structure as must be 
modified to comply with this requirement may be properly 
called a part of the foundation. Thus, in Fig. 2, all that 
part of the structure from a up to 6 may be properly called 
the foundation. 

The definition, sometimes given, that the foundation is 
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that part of a structure that lies below the natural surface of 
the ground, or below the surface of the water, is indefinite 
and inaccurate. 


2. Main Factors Governing the Design of Founda- 
tions.—The stability and life of an engineering structure 
depend largely on the character of its foundation. The selec- 
tion and designing of suitable foundations is, therefore, one 
of the most important and responsible duties of engineers. 
The requirement of first importance is that the foundation 
should be of sufficient strength to support permanently the 
proposed structure. On the other hand, sound economy 
requires that no more money should be spent on the founda- 
tion than intelligent skill and prudence may dictate. It is 
not sufficient that the engineer may be able to show that 
a foundation designed by him is unquestionably secure; he 
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should also be able to prove that an adequate foundation 
could not have been provided with less expenditure of money 
and time. 

The great variety of materials and conditions that are met 
with in foundation work calls for the exercise of good sense 
and sound judgment, as well as for the application of techni- 
cal knowledge. Foundation problems. do not always lend 
themselves to exact mathematical solution to the same 
degree as, for instance, the designing of a bridge truss, 
where the properties of the steel are comparatively uniform 
and well known, and the magnitude and distribution of all 
the stresses can. be determined with precision. It is none 
the less true, however, that the intelligent solution of 
a problem relating to foundations requires a thorough 
knowledge of mechanical principles, and the ability to 
apply them properly. 


THE SUBFOUNDATION 
MATERIALS 


CLASSIFICATION 

3. The subfoundation of a structure may consist of any 
of the materials that are found on the earth’s surface and are 
suitable for the purpose. ‘The materials usually regarded as 
suitable are: (1) solid rock, including shale in its natural 
geological position; (2) Joose rock, which is rock broken into 
masses of comparatively small sizes; (3) earth, including 
clays, loams, and bogs, in whatever condition they may be 
found; (4) sand, including gravel. 

In some cases, two or more, or even all, of these materials 
may be met with in the same subfoundation. 


ROCK SUBFOUNDATION 

4. Rock in its undisturbed geological position forms the 
best subfoundation, and is always to be preferred when it is 
available. For important structures of great weight, rock 
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subfoundations are considered almost indispensable. Nearly 
any sound durable rock, including shale of average hardness, 
found in its natural position, may be safely used for the 
support of any ordinary structure. 


5. Crushing Strength of Solid Rock.—The sup- 
porting power of a rock subfoundation may be considered 
as approximately equal to the resistance to crushing of the 
material of which the rock is composed, modified by a suit- 
able factor of safety. Samples selected for crushing tests 
are likely to be superior to the average, and as, in large 
areas, imperfections are likely to exist, the factor of safety 
should be a liberal one: it should not ordinarily be less 


TABLE I 
CRUSHING STRENGTH OF ROCK 


Ultimate Crushing Strength 
Safe Foundation Load, 
Tons per Square Foot 


oy , Pounds per Tons per Factor of Safety of 10 
Kind of Rock Square Inch Square Foot 
From To From To |Average| From| To |Average 
Granite . . | 10,000 | 20,000 | 720 |1,440| 1,080 72 144 108 
Limestone .] 6,000 | 18,000 | 430 | 1,300 870 43 130 87 
Sandstone .]| 4,000 | 15,000 | 300 | 1,080 690 30 108 69 
Shallow 400 | 14,000 30 | 1,010 520 Bi 100 52 


than 8, nor, except in rare cases, more than 15. If the rock. 
appears to be of uniform good quality, without cracks or 
seams, over and for a considerable space around the area to 
be occupied by the foundation, a load equal to one-tenth of 
the ultimate crushing strength of the material may be con- 
fidently used, subject to the precautions hereafter mentioned. 
Crushing tests are usually made on small cubes, and the 
crushing strength is stated in pounds per square inch of the 
surface exposed to pressure. The units commonly applied to 
foundations are the square foot and the ton (2,000 pounds), 
and it is usually assumed that the strength per square foot 
of any material is 144 times the crushing strength per 
square inch. 
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The crushing strength of the different kinds of rock, as 
well as of different varieties of the same rock, varies within 
wide limits. Table I gives the approximate crushing strength 
of the various kinds of rock more frequently met with, and 
the foundation loads that they may usually be depended on 
to carry safely under normal conditions. 


LOOSE-ROCK SUBFOUNDATIONS 


6. Description of Loose Rock.—Under the operation 
of natural laws, the solid strata or deposits of rock have, in 
many cases, been broken up, and the resulting débris moved 
from their original position by the action of gravity, water, 
and ice. The individual masses of this broken-up material 
may be of any size or form. Masses of considerable size 
and angular shape are commonly called loose rock, while 
smaller fragments that have become rounded by attrition 
are called boulders. Ina deposit of such materials, there 
will exist cavities between the separate masses of rock, 
which may be voids or may be filled with smaller fragments 
of the same material, or with earth or sand. If filled with a 
material that has hardened into rock and has cemented the 
fragments into a solid mass, the rock is called breccia, 
conglomerate, or pudding stone. 


J. Loose Rock as a Subfoundation.—Loose rock in 
any of its forms may make a satisfactory subfoundation. 
The celebrated cantilever bridge at Niagara Falls rests ona 
loose-rock subfoundation composed of large masses of rock 
detached from the adjoining cliffs, the spaces between the 
large fragments of rock being filled with smaller fragments 
and with earth. The pressure on this subfoundation is about 
3 tons per square foot. Subfoundations of this kind, owing 
to the comparatively recent geological age of the formations 
and the conditions under which the deposits have been made, 
require careful examination, and, if possible, should be 
avoided for important structures. 
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EARTH SUBFOUNDATIONS 

8. General Description.—Under the general head of 
earth are here included the different clays, loams, and other 
soils, in whatever condition they may be found. In hardness 
and capacity to sustain weight, they vary all the way from 
the indurated clays and hard pans to soft mud, often mixed 
with more or less of the organic matter found in swamps and 
bogs. Nearly all these materials are porous in structure, 
and, when confined and subjected to sufficient pressure, are 
compressed to a greater or less degree. When moist or 
wet, they are generally A/astic; that is, they possess the 
property of yielding or flowing when exposed to pressures 
exceeding certain limits, these limits being different for 
different materials. This property of yielding under pres- 
sure is so characteristic of the class of materials under 
consideration, that the term “‘compressible materials’ is 
generally applied to them in connection with foundation 
work. The different degrees to which these materials are 
compressible, and the difficulties and dangers that this 
property introduces into the problems of earth subfounda- 
tions, make them a subject of great interest and importance 
to the engineer. 

It sometimes becomes necessary, when solid rock is 
inaccessible, to found important structures on clay or earth of 
a quality far from satisfactory to the engineer, and he will 
often find his knowledge, experience, ingenuity, and skill 
taxed to the utmost by the problems presented. For the less 
important, and in fact for the great majority of ordinary 
structures, earth subfoundations, if intelligently made use 
of, may be safely relied on. 


9. Strength.—When exposed to increasing pressure, 
as in testing machines, clay and earth usually yield gradually 
by flow and deformation of the mass, rather than by distinct 
crushing, and for this reason crushing tests on small samples 
are of comparatively little value. Their strength is largely 
aftected by the quantity of water they contain; and the extent 
to which they may be exposed to water in the subfoundations 
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is an important element to be considered in determining their 
sustaining capacity. 

The data as to the weight that may safely be placed on 
earth subfoundations are derived largely from observation 
and experience. Indurated clay, called hard pan, and ordi- 
nary clays in comparatively dry situations may usually be 
depended on to carry a weight of from 1.5 to 2 tons per 
square foot of surface. In some standing structures founded 
on clay, the weight on the subfoundation is greatly in excess 
of these figures, and no settlement or indications of failure 
have been observed. However, excessive loads on clay sub- 
foundations, even where tests indicate that the structures 
may be safe, are not sanctioned by good practice. 


TABLE II 
SAFE LOADS ON EARTH SUBFOUNDATIONS 


Loads in Tons 
per Square Foot 
Kinds of Material 


From To 
Hard pan and other indurated clays ........ 2 23 
Ordinary clays and clay soils, not submerged in water 1} 2 
Clavasolandeplasticte.s wus) oetoa! ec oses ete es 3 I 
Ordinary soils, comparatively dry. ......... I Iz 
@rdinanvesolls mweteweweee wisns) ved or os wc deensy- Scenes 3 I 
mwemeana bog iiaterial ~ 0.5 5-2. + since ola cos $ 3 


Experience seems to indicate that the strength of earth 
subfoundations of the various general kinds may be taken 
approximately as given in Table II. Owing, however, to 
the greatly varying individual character of materials that 
may be classed under the same general name, the engineer 
must in each case be guided largely by judgment based on 
experience and actual tests. 


SAND SUBFOUNDATIONS 
10. Ordinary Sand and Gravel.—Sand and gravel are 
but slightly compressible, even when saturated with water, 
and are capable of carrying very great loads. The high 
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frictional resistance of the separate grains or pebbles on 
each other tends to prevent the movement or flow that is 
characteristic of clay. The material is, however, readily 
eroded by flowing water, and, when utilized for subfounda- 
tions, great care must be taken to protect it from direct con- 
tact with currents of water, whether of ordinary streams or 
those caused by wave action. Sand and gravel are both 
likely to undergo slight initial compression when subjected 
to pressure; this fact should be taken into consideration, 
and proper allowance should be made for it in designing 
structures to rest on this kind of subfoundation. Clean dry 
sand can bear a load of from 2 to 4 tons per square foot. 


11. Quicksand.—One of the most treacherous and 
troublesome materials with which the engineer has to deal 
in foundation work is quicksand. It is difficult to give a 
satisfactory definition of this material, though its physical 
properties are easily described. In most respects it does 
not differ essentially from ordinary fine sand, and when 
removed from its native bed and freed from water it cannot 
usually be distinguished from sands that do not possess its 
peculiar properties. The separate grains are always small 
and generally more rounded than those of ordinary sand. 
But when saturated with water, a mass of this material 
seems to lose more or less of its internal cohesion or fric- 
tion, and its power to support weights is almost zero. A bar 
may be worked to the bottom of a bed of quicksand several 
feet deep with very slight exertion, and men and animals 
attempting to walk over such a deposit are often hope- 
lessly engulfed. This description applies to well-developed 
examples of the material. There is no well-defined demar- 
cation between ordinary sand and quicksand, and the one 
may pass into the other by imperceptible stages; in other 
words, sands may possess the peculiar properties of quicksand 
in very different degrees. 

In general, quicksand has practically little or no value as 
a subfoundation; however, it may sometimes be so treated 
as to make it serve to support ordinary structures. If a bed 
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of quicksand is drained, it loses its distinctive property; 
it becomes more compact and resisting than ordinary sand, 
and may make a convenient and secure subfoundation. 


SUBFOUNDATIONS OF MIXED MATERIALS 


12. It is often found that the site of a structure is occu- 
pied by several of the materials described—either in separate 
deposits or mixed together in various proportions. If rock 
is found, it may extend over only a part of the area of the 
foundation, or it may contain large fissures filled with other 
materials; or the rock, although extending over the whole 
area, may not be all of the same kind or quality, in which 
case different parts of the subfoundation require different 
methods of treatment. Again, the area may he occupied by 
a mixture of earth and loose rock or boulders, or part of it 
may be clay and part of it sand or quicksand. Such compli- 
cations are of frequent occurrence, and conditions are always 
likely to be found that are without precedent in the engineer’s 
experience, and that will tax to the utmost his judgment and 
skill. 


EXAMINATION AND TESTS OF SUBFOUNDATIONS 


18. It is generally unsafe to trust to surface appearances 
in judging of the character, strength, and soundness of sub- 
foundations. A stratum of rock may, when its surface is 
uncovered, appear to be of satisfactory character, without 
serious fissures or other defects, and may give the impres- 
sion of being continuous and solid downwards to an indefinite 
depth. This appearance may, however, be deceptive; the 
layer of rock may be comparatively thin, and may be under- 
laid with a body of soft clay or other unresisting material, 
and may therefore not be capable of sustaining the structure 
designed to rest on it. Not a few important engineering 
structures have failed from the existence of such unforeseen 
conditions. Likewise, an apparently satisfactory bed of clay 
may be too thin, or may be underlaid with a stratum of sand 
that the swift current of a stream may sometime reach and 
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carry away, undermining the clay and causing the structure 
founded on it to fail. It is therefore necessary that the 
engineer should carefully investigate not only the material 
that he purposes to use for a subfoundation, but, as far as 
may be possible, all the conditions surrounding it, and satisfy 
himself that these conditions are not such as may ultimately 
result in the destruction or impairment of the proposed 
structure. 


EXAMINATION AND TESTS OF ROCK SUBFOUNDATIONS 


14. Geological Examination.—A general knowledge 
of the geology of the region—such as the character and 
succession of the local formations, the inclination or dip of 
the strata, and the prevalence of faults and other dis- 
turbances—should be acquired, and this knowledge should 
be utilized in the study of the immediate locality of the 
work. In a region where the geological formations have 
been subjected to upheaval and are greatly broken up or 
much inclined, greater caution is necessary than where the 
strata remain in their original nearly horizontal and unbroken 
condition. 

Where the structures to be erected are of secondary impor- 
tance and the weight to be carried is comparatively small, 
the character of the subfoundation may often be determined 
accurately enough from the nature of the neighboring strata 
and their outcrop in near-by streams or ravines. For all 
important works, however, special tests should be made. 


15. Drill Test and Drilling Machines.—Where the 
subfoundation is rock, it may be most satisfactorily examined 
by sinking drill holes into it. The number and depth of these 
drill holes depend on the apparent conditions and the impor- 
tance of the structure. In the case, for instance, of a bridge 
with short spans carried on comparatively low piers, the 
same thoroughness of investigation is not called for as in 
the case of a long suspension bridge with high piers, carry- 
ing very heavy loads. In the former, one or two drill holes 
on the site of the pier, carried to a depth of 10 feet, or even 
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less, might be sufficient; while in the latter, drill holes not 
only within, but for some distance outside of, the boundaries 
of the pier and carried to a depth of from 20 to 80 feet, or 
more, may be advisable. 


16. In the great majority of cases, drill holes of the size 
of, and made with the apparatus commonly used for, those 
in quarry and rock-excavation work, will answer every pur- 
pose. In the more important works, particularly where 
there is reason to expect defects and irregularities, and 
where the holes are to be carried to a considerable depth, 
some one of the forms of drilling apparatus that yield com- 
plete samples, or cores, of the material passed through 
should be used. These machines are generally power driven. 
The drilling tool is a hollow rod that, when revolved, makes 
an annular cut into the rock, leaving an undisturbed section, 
or core, within the 
tool; this core is oc- 
casionally broken off 
and brought up with 
the tool. The re- 
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17. Test drilling 
will, if properly con- 
ducted, disclose any 
subterranean defects in the subfoundation, and will furnish 
data for a second judgment of the capacity of the material. 
The defects that may thus be disclosed are: (1) beds or 
pockets of clay or other soft material dangerously near the 
surface; (2) large cavities that might weaken the subfoun- 
dation; and (8) thin layers of clay or argillaceous shale, 
which, in cases where the strata are much inclined and other 
conditions permit. might allow the structure and its foun- 
dation to slide or move laterally. Such a possible condition 
is illustrated in Fig. 3. The weight of the pier P and its 
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load might cause the subfoundation to slide along the 
inclined joint a4, particularly if this joint is lubricated by a 
thin layer of unctuous clay. This is not a purely supposi- 
titious case, since the destruction of not a few structures 
has been caused by similar conditions. 


EXAMINATION AND TESTS OF OTHER SUBFOUNDATIONS 


18. All that has been said of rock subfoundations applies 
with equal force to loose rock, earth, and sand subfounda- 
tions; in fact, these usually require the exercise of greater 
care and caution than ordinary rock foundations. The 
formations consisting of these materials, as they are now 
found, are much more recent geologically than rock forma- 
tions, and are far less stable in character. It is not at all 
uncommon to find beds of firm strong clay that prove 
comparatively thin and are underlaid with deposits of much 
softer clay, alluvium, or quicksand, saturated with water and 
having very little capacity to carry loads. Two methods _ 
are in common use for testing such subfoundations; namely, 
test pits and borings. 


19. Test pits, or wells, are ordinary excavations 
similar to the common well, carried to such depth as may be 
thought necessary, within or near the boundary of the 
foundation. The method of sinking such test pits requires 
no special description. 


20. Borings.—The method of boring is, in general, 
similar to the rock drilling described in Art. 16, but is 
usually less expensive and more expeditious. The bore 
holes are really wells or test pits of a small diameter. 
Several methods of making such borings are in use, some 
of which are so simple as to require no description here. 
Frequently, the procedure and the apparatus used are almost 
the same as for rock drilling. This method is objectionable 
because of the difficulty of obtaining good samples and 
determining the character of the materials passed through, 
but it may give results that are satisfactory in many cases. 
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Thus, a drill hole sunk into a bed of clay or other material 
may show that no important change in its character occurs 
within such a distance from the surface as would render it 
unsuitable for foundation purposes. But even if the results 
from this method of making borings were always satisfactory, 
difficulties are frequently met with that make it inapplicable. 
A layer of sand or other soft material may be encountered 
that has not sufficient stability to maintain the wall of the 
bore hole; the material caves or runs into the hole, filling it 
and obstructing the operation of the drill. To prevent this, 
the hole must be cased; this is done by driving down, inside 
the hole, an iron tube. When borings are to be carried to 
a considerable depth, it is generally best to begin with the 
expectation that casing will be necessary, and to make the 
bore hole large enough to allow the use of iron pipe not less 
than 3 inches inside diameter. 


21. For these larger holes, two well-defined methods of 
boring are employed. In the one, suitable earth augers are 
used, which excavate and bring up the material in its natural 
condition; in the other, called wash boring, the material is 
loosened partly by the auger or drill, and partly by a jet or 
current of water, which also carries the loosened material 
to the surface. In this method, the drill rod is tubular, and 
a current of water is forced through it by pumps or other 
devices. The water escapes at the working end of the drill 
and rises through the annular space between the drill and 
the casing, carrying with it the excavated material, which 
may be collected and examined. As the drill progresses 
downwards, the casing is, from time to time, forced down- 
wards by a pile driver or other suitable device, additional 
lengths of pipe being added by means of screw joints or 
couplings, as required. The first method yields the most 
satisfactory samples of the material passed through; the 
second is more expeditious, and, with a proper equipment, 
more economical. Whatever method may be employed, 
the results of borings should be carefully observed, accurately 
recorded, and samples preserved for future reference. 
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DESIGN OF THE SUBFOUNDATION: 
THEORY OF PRESSURE 


22. Required Area of Subfoundation.—In the case 
of foundations for ordinary structures, where weight is the 
only force to be resisted, and where that weight is uniformly 
distributed over the whole of the subfoundation, the first 
problem of importance will be: Over what area of the sub- 
foundation must the weight be distributed, in order that the 
safe bearing capacity of the material of the subfoundation 
shall not be exceeded? 

Where the material is solid rock in its natural geological 
position, it is usually unnecessary to solve this problem, 
since almost any sound rock is sufficiently strong to carry 
the concentrated weight of any well-designed structure. 
But where earth or sand subfoundations must be utilized, 
care should be taken to distribute the weight to be carried 
over such an area that the resistance of the material shall 
safely exceed the applied weight. Thus, if the estimated 
weight of a bridge pier is 1,200 tons, the weight that may 
come on it from the dead load of the bridge, 500 tons, and 
the weight of expected live load, 300 tons, the subfoundation 
will be depended on to sustain a load of 2,000 tons. If 
the subfoundation is clay and may be safely loaded with 
2 tons per square foot, the area required will evidently be 
2,000 + 2 = 1,000 square feet. 


~ExAMPLE.—The foundation for a stand pipe has the form of a 
frustum of a cone, the dimensions being as follows: diameter of upper 
base, 24 feet; diameter of lower base, 30 feet; height, 5 feet. The 
weight of the material of the foundation is 100 pounds per cubic foot, 
and the weight of the stand pipe is 500 tons. If the subfoundation is 
clay that may be loaded with 2 tons per square foot, what is the 
required area? 


SoLtution.—The weight of the foundation is (see Geometry, Part 2) 


(24? x .7854 + 30? X .7854 + V24? X .7854 x 30? X .7854) x ° x 100 
= 287,460 lb. = 143.73 T. 
The total load on the subfoundation is 500+ 143.73 = 643.73 T. 
The required area of the subfoundation is, therefore, 
643.75 + 2 = 321.87 sq. ft., nearly. Ans. 
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28. If the plan of the structure is irregular, so that it ig 
difficult to secure a uniform intensity of pressure over the 
whole subfoundation area, or if lateral forces must be taken 
into consideration, or if the character or sustaining capacity 
of the material of the subfoundation varies over parts of it, 
the question becomes more complicated. Clay and earth 
subfoundations are usually more or less compressible; the 
amount of compression or settling is in direct proportion to 
the intensity of the applied pressure, and a slight variation 
in the settlement of different parts of the subfoundation 
may distort or disrupt the structure erected on it. 

A not uncommon example of a load not uniformly distrib- 
uted is a masonry arch culvert built on a compressible sub- 
foundation under a high railroad embankment, as illustrated 


Fic. 4 


in Fig. 4. The weight on the subfoundation varies with the 
height of the embankment over it, being greatest directly 
under the middle. If the foundation of sucha culvert is made 
of the same width throughout, the intensity of pressure on it 
will increase as the middle section is approached, unequal set- 
tlement may follow, the structure may take the distorted form 
shown by the dotted lines, and the distortion may be suffi- 
cient to fracture the masonry. If the area of the subfounda- 
tion is increased properly from the ends toward the middle of 
the structure, so as to distribute the load evenly per unit area, 
then, whatever settlement may take place will be the same 
throughout the whole length of the structure, and the masonry 
will not be injured. The walls of heavy buildings are often 
cracked through the failure of the designer to properly pro- 
portion the area of the subfoundation to the pressure on it 


16 ; FOUNDATIONS § 46 


It is always desirable to avoid subfoundations of com- 
pressible material, or, if this cannot be done, to make the 
loading so light that settlement, if any, will be so slight as 
to be negligible. But as this is not always possible, and 
as it can seldom be determined in advance whether a 
material will be compressed under a given load, and, if so, 
how much, it is important that in earth subfoundations 
every possible effort should be made to distribute the 
pressure as evenly as possible over the whole area covered. 


24. Depth of Subfoundation Below Surface of 
Ground.—Foundations in earth should be carried to such a 
depth below the ground surface that frost will not reach 
them. Nearly all moist earth expands, or heaves, with 
freezing, and repeated freezing is likely to soften and dis- 
integrate it. It may also be subject to other disturbances 
near the surface. The depth of foundations may be dictated 
by conditions other than frost. Often a good material cannot 
be found except at greater depths than are necessary to 
provide against frost. 

The penetration of frost varies with the latitude. In the 
American Gulf States, ice seldom forms; while in the Lake 
region, the ground sometimes freezes to a depth of 5 or even 
6 feet. Ordinarily, in the northern parts of the United 
States, subfoundations 4 feet below the ground surface may 
be considered safe from injury by frost. 


25. Effect of Weight and Friction of Superimposed 
Earth.—Not only is the soil likely to be firmer and harder a 
few feet below the surface, but the surrounding earth, by its 
weight, tends to counteract any movement and therefore to 
increase the bearing capacity of the subfoundation. Thus, if 
a wall is founded at a depth of 5 feet below the surface, the 

“weight of the surrounding earth above the subfoundation 
tends to prevent any flow of the clay from under the founda- 
tion. Such movement of the material can only take place 
by overcoming the weight and internal friction of the banks 
of clay around the foundation, resulting in the upheaval of 

“the surface around the structure. 
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This counter pressure of the superimposed earth is a factor 
of much importance in the strength of subfoundations in 
plastic soil, but its exact value is difficult to compute. If 
the soil were a fluid, like water, the upward pressure 
under the foundation would be equal to the weight of a 
column of fluid having a height equal to the depth of the 
subfoundation below the surface and a cross-section equal 
to the area of the foundation. But, in clay, this pressure 
is modified by the internal friction of the material. The 
problem of pressures in plastic or semifluid materials like 
clay has been studied by physicists, and formulas to express 
its value have been devised, but the results do not seem tu 
agree closely with observed facts, and these formulas must 
therefore be used with caution. 

Rankine’s formula is perhaps most often referred to by 
engineers. It is as follows: 

1+ sin Z\" 
wn(s = sin 
in which ~# = intensity of pressure that the material can 
bear; 
w = weight of material per unit of volume; 
fA = depth of subfoundation below surface; 
Z = angle of repose of the material. 

If 4 is in feet and w in pounds per cubic foot, p will be in 
pounds per square foot. 

It should be borne in mind that Rankine’s formula, 
although the best that has been proposed for this purpose, 
is but a rough approximation, and should be used only as a 
guide. In all important work, the bearing capacity of the 
soil should be ascertained by direct experiment. Thus, to 
determine the safe bearing capacity of the clay in which the 
walls of the Capitol at Albany, New York, are founded, 


rectangular pits about 3 feet square and 3 feet deep were’ ~ 


excavated, and in them were built columns of masonry 3 feet 
square, on which various trial loads were placed. Under a 
load of 2 tons to the square foot, the clay subfoundation was 
slightly compressed, but no indications of flow were observed. , 
When the load was increased to 6 tons per square foot, the 
Lit 3ite—3 
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clay under the pillar yielded very perceptibly and began tc 
heave up around the pillar, as shown by the dotted line 
in Fig. 5. 

The facts just explained illustrate a point that seems to be 
often overlooked in designing heavily loaded foundations in 
compressible soils. Referring to Fig. 6, which represents a 
structure founded on clay on a 
sloping hillside, it is evident 
that the high subfoundation 
wall of clay on the upper side 
of the structure will exert a 
greater pressure to counteract 
the flow of the clay from under 
the foundation than will the 


L 
ere val on he oer ite 


Fic. 5 cause yielding on the lower 
side, the foundation might settle there, while remaining firm 
on the upper side. In such situations, care should be taken 
to keep the loads on the whole of the foundation within such 
safe limits that the clay where least confined or counterbal- 
anced will not yield 
by flowing. If, for 
any reason, this is not 
possible, and loadsof ZY 


UY 
questionable magni- Yj 
tude must be used, Y), [Say See Sy 
the danger may be Yj ey 
averted by dressing Ve 
down the high bank Fic. 6 


to a slope less than the angle of repose of the material, as 
illustrated by the dotted line in Fig.6. There is reason to 
believe that in not a few cases where heavily loaded founda- 
tions have settled unevenly, this has been due to the unequal 


counterbalance afforded by the superimposed subfoundation 
walls. 


EXAMPLE 1.—Taking the angle of repose of a certain semifluid 
soil as 31°, and the weight as 100 pounds per cubic foot, what must, 
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according to Rankine’s formula, be the depth of the subfoundation 
below the surface that its bearing value may be 4 tons per square foot? 


Sotution.—The formula of Art. 25, solved for #, gives 
eats (j = =) ; 
w \l+sin Z 
Here, p = 4 T. per sq. ft.; w = 100 + 2,000 = .05 T. per cu. ft.; 
Z— ole" sin Z = .b15:) “Therefore, 


4 /1 — .515\? 
— 05 (5-33) =O) EU N TSS 


EXAMPLE 2.—The depth of a subfoundation is 12 feet below the sur- 
face. (a) If the angle of repose of the material is 143°, and the weight 
is 110 pounds per cubic foot, what is the bearing value of the material? 
(6) If the weight of the structure, including the foundation, is 350 tons, 
what is the area required? 


SoLuTion.—(a) To apply the formula of Art. 25, we have w = 110; 
hk = 12; sin Z = sin 14°30’ = .250. Substituting in the formula, 
p = 10x12 (35) = 3,667 lb. per sq. ft. Ans. 
(6) The weight of the structure is 350 T.; therefore, the area 
required is 
350 X 2,000 


3,667 = 191 sq. ft. Ans. 


EXAMPLES FOR PRACTICE 


1. The angle of repose of a certain soil is 20°, and its weight is 
100 pounds per cubic foot. What must be the depth of the subfounda- 
tion below the surface that its bearing value may be 3 tons per square 
foot? Ans. 14.42 ft. 


2. The angle of repose of a certain soil being 25°, its weight, 
110 pounds per cubic foot, and the depth of the subfoundation 10 feet, 
what will be its bearing value? Ans. 6,659 lb. per sq. ft. 


8. The angle of repose is 30°; the weight of the soil, 100 pounds 
per cubic foot; and the depth of the subfoundation, 8 feet. (@) What 
is the bearing value of the subfoundation? (0) If the weight of the 
structure, including the foundation, is 300 tons, what is the area 


required? (a) 3.6 T. per sq. ft. 
Ans.{ {8} 83 sq. ft. 


26. Effect of Lateral Forces.—Many important engi- 
neering structures—particularly dams, retaining walls, and 
abutments—are subjected to lateral forces in addition to 
weight. These may change the magnitude, and always 


/ 


20 FOUNDATIONS § 46 


change the distribution, of the total pressure on the sub- 
foundation. A dam may serve as an illustration. Here, the 
forces that act on the structure are the weight of the structure 
itself and the pressure of the water against its inner face. 

Let 4 BED, Fig. 7, be a cross-section of a dam resting 
on the subfoundation 4 8. For convenience, a portion of 
the dam 1 foot long will be considered. The center of the 
base is at c, and the center of gravity of the part considered 
is at g. The pressure P, normal to the inner wall B4, 
exerted by the water can be determined by the methods 
D E explained in Aydro- 
statics; also, the point 
of application or line of 
action of P. The result- 
ant & of the pressure P 
and the weight W of the 
structure gives the re- 
sultant pressure acting 
on the subfoundation; 
its line of action ad 
meets the subfounda- 
an ee tion at e, which is the 
center of pressure, or 
point of application of 
the resultant pressure. 
If the center of pressure 
were at c, the center of 
the base, the weight 
would obviously be evenly distributed over the whole sub- 
foundation. But with the center of pressure moved to e, the 
pressure will not be uniform; it will obviously be greater 
at 4 than at B. 


27. Rule of the Middle Third.—If the base AB, 
Fig. 7, is divided into three equal parts 41#, ¢¢,, ¢,B, the 
center part 77, is called the middle third. It is a principle 
of the statics of structures and foundations that, in order 
that neither end of the subfoundation or of the structure 
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itself may be subjected to an uplifting force, the center of 
pressure for a rectangular subfoundation should fall within 
the middle third of the subfoundation. If the center of 
pressure is outside the middle third, as at e’, Fig. 7, the 
farther end & of the base will have a tendency to rise; there 
will, therefore, be tension instead of compression at B—a 
condition that should not obtain in masonry construction. 


28. Intensity of Pressure.—In general, let 48, 
Fig. 8, be a rectangular subfoundation, or a course of 
masonry on which a structure or part of a structure rests. 
The base 4 ¥&, whose length, in feet, is denoted by Z, is 
trisected at ¢ and ¢,, and bisected at C. Let V (pounds) be 
the vertical component of the total pressure acting on 4 BL; 
and let the distance eC of the point of application of this 
pressure from the center C be denoted by ad. Then, the 
greatest intensity of 
pressure f,, in pounds 
per square foot, will «4 
occur at 4, and the led 
least intensity 2, will pcs ces H 
occur at B. It canbe Fic. § 
shown by the use of advanced mathematics that J, and f, are 
given by the formulas: 

Veo Va (1) 


Be pare ay? 
V_6Vd 
eee 


The condition for which there is no pressure at # is 
obtained by making f, = 0. Putting the second member of 


formula 2 equal to zero, and solving for - there results 


V_bVd 
7 Comma Bye ag 
whence d= £, 
and, therefore, 
LE ve JE, Ib, 
i PN ee panies = Aft 
hr age 8 
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That is, the point e coincides with 4. If d is greater 

: V 
than é, or Ae less than a ae is greater than Te and p, 
becomes negative, which indicates tension instead of pres- 
sure at B. Hence the middle-third rule given in Art. 27. 


PREPARATION OF THE SUBFOUNDATION 


29. Rock Subfoundation.—The preparation of the 
subfoundation is generally a very simple matter, involving 
only manual labor. In rock subfoundations, it is not usually 
considered necessary to excavate below the surface to a 
greater depth than may be found needful to remove disin- 
tegrated and weather-worn 
rock, and to bring the sur- 
face into proper shape to 
receive the foundation. 
Where a stone-masonry 
structure is to rest directly 
on a sloping-rock sub- 
aaa a foundation, the latter must 

Uy yj be leveled off to receive the 

Z Ve “ courses of masonry, or else 

ene cut into benches or ter- 

races, according to circumstances. The dressing of the rock 
into benches may sometimes be avoided by the use of concrete 
for leveling up inequalities between the rock and the masonry, 
as illustrated in Fig. 9. This is, however, permissible only 
where the general slope of the rock is not sufficient to induce 
or permit sliding of the concrete on the surface of the bed 
rock, caused by gravity or by lateral forces acting in the 
direction of the downward inclination. In the case of dams, 
retaining walls, abutments, etc., subjected to great lateral 
stress and liable to failure by sliding on the subfoundation, 
sloping surfaces must be avoided. One of the rules com- 
monly laid down by writers on foundations is that the sur- 
face of the subfoundation should be perpendicular to the 
resultant of all the forces acting on the structure. This rule 
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is correct in principle, but it may often be deviated from 
within safe limits for economic reasons, as will be seen 
further on. 


30. Earth Subfoundation.—In the preparation of earth 
subfoundations, the material is excavated to a sufficient 
depth to guard against the action of severe frost, and the 
whole area is graded to a level plane. In very soft and 
compressible material, measures are sometimes taken to 
solidify or reinforce the subfoundation before the structure 
is begun. This may be accomplished by driving a large 
number of short wooden piles over the area, to compress 
the soil into a more compact mass; but, unless these piles 
are below the permanent surface of the water, they may in 
time decay and become useless. To avoid this possibility. 
piles are sometimes driven and at once pulled out, and the 
holes are filled up with clean sand or gravel. Sand, dry 
earth, or crushed rock spread over the surface is sometimes 
used, but even if rammed into the soft material, they are 
not likely to prove satisfactory under heavy structures, as 
the comparatively thin and flexible layer between the soft 
material and the base of the structure may not sufficiently 
prevent the shifting of the soft material below. 


31. The effect of a deep excavation on the bearing 
capacity of soft and plastic soils has been referred to in 
Art. 25, and very satisfactory subfoundations for ordinary 
structures may often be thus secured in material that, at or 
near the surface, would have little supporting power. Deep 
excavations for foundations are sometimes partly refilled 
with sand or gravel. This gives good results, which are 
probably due to the counterpressure caused by the sand or 
gravel on the soft material. Artificial support is sometimes 
provided by enclosing the area to be occupied by piles or 
other retaining structures. Some of these methods will be 
referred to later. 


eo 
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THEORY OF FOUNDATIONS 


FOOTINGS 


32. Necessity for Footings.—The office of the foun- 
dation is to form a stitable connection between a structure 
and the subfoundation. If, as is sometimes the case, the 
material of the subfoundation is equal in strength, hardness, 
and durability to the material of which the structure itself is 

built, no foundation is required in 
the sense in which the word is 
here used, except in so far as the 
name may be applied to the line 
or surface of contact between the 
natural material of the subfoun- 
dation and the more or less artifi 


ase an cially prepared material of the 
structure. It is common to con- 
\X \ SN WN struct the lower courses of piers, 


Ereely walls, and like structures, with 


steps or projections, as shown in Fig. 10, but these projections 
have no utilitarian value if the material of the subfoundation 
is equal in strength and durability to that of the structure. 
Thus, in Fig. 10, if the structure is of granite or limestone and 
the subfoundation is of the same or equally good material, 
the offsets in the footing courses might safely be dispensed 
with, and the lines of the structure continued down to the 
subfoundation, as shown by the dotted lines. These project- 
ing courses may, however, possess a certain esthetic value, 
which justifies their use. 

Where the material of the subfoundation is inferior 
in strength to the material of the structure, it obviously 
becomes necessary to accommodate the one to the other, in 
order to secure equal strength throughout. The material 
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of the structure may readily carry a load of 20 or more tons 
per square foot, while that of the subfoundation may be 
capable of carrying only 2 tons per square foot. The 
problem is, therefore, to distribute the ioad carried by the 
structure over such an area of the subfoundation that its 
safe load shall not be exceeded. This is ordinarily accom- 
plished by the use of what is commonly called the method 
of spread foundations. Essentially, this method consists 
in enlarging the lower end or base of the structure so that 
it may cover an area of subfoundation the aggregate resist- 
ance of which will be at least equal to the weight of the 
structure. The usual method of accomplishing this is by 
stepping out or en- 
larging the base of 
the structure by off- 
sets, called footing 
courses, or simply 
footings. The ma- 
terial employed in 
these footing courses m K Ger 
may be the same as, mr = , = 0 
. y ty c Les 
sued ip the body of 0 
the structure, the ie 
kind of material used being determined mainly by the con- 
ditions that are to be met in each particular case. 


33. Strength of Footings.—Footings are treated as 
cantilevers uniformly loaded. To secure the requisite 
strength most economically, two or more sets of footings 
are often superimposed to form steps, as shown in Fig. 11; 
this has the effect of decreasing their loaded free length and 
enabling them to sustain greater loads. In this figure, which 
illustrates a timber foundation, there are two footings, mx 
and pg. ‘The force acting on mm is the upward pressure of 
the part a4 of the subfoundation; this pressure is assumed 
to be uniformly distributed, its intensity being equal to the 
total load on the subfoundation divided by the area of the 
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subfoundation. Likewise, the force acting on pg is the 
upward pressure, or reaction, of the timbers 2’, whose 
intensity is the total load on the timbers divided by the com- 
bined area of their upper or supporting surfaces. 

It may be necessary to use several sets of footings; and 
the result will be to increase greatly the height and volume 
of the foundation. To obviate this increase, a stronger 
material, as steel, may be substituted for the beams of wood, 
in which case one footing may be sufficient. In masonry 
work, the short projections allowable with cantilevers of 
stone may necessitate the use of very deep and bulky 
foundations, and it may be desirable or necessary to sub- 
stitute steel to reduce this height and bulk. Thus, in 
Fig. 12, (a) illustrates a masonry foundation for a steel 
column in a large building; if steel beams embedded in 
concrete are substituted, the foundation may be made much 
smaller, as shown at (@). 


34. The formula for the load that can be safely supported 
by a cantilever beam is 
w=2%f (1) 
fle 
in which JV = total distributed load, in pounds; 
c = distance from the outermost fiber to the 
neutral axis; 
? = length of beam, in inches; 
ss = modulus of rupture, that is, ultimate bending 
strength, of material, in pounds per square 
inch; 
7 = moment of inertia of the section, referred to 
the inch; 
j = factor_of safety. 
The value of / for a rectangular beam is rz da’, and the 
value of c is 4a (see Strength of Materials, Part 2). 
Assuming a value of unity for 4, and substituting in for- 
mula 1, these values of / and ¢, there results 


le ere (2) 
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If the weight, in tons per square foot, is denoted by w, 


then w 9,000 7 whence 
= 2,000 B44 = 125 i 
144 9 : 
and formula 2 becomes 
aS = Sod", 
9 87.’ 
whence Gis ae = 2 (2) (3) 


From this equation follows 


Meg eS oe 
Heer 024s, 2 


35. Moduli of Rupture and Factors of Safety.—For 
the materials most used in foundation work, the ultimate 


TABLE III 
MODULI OF RUPTURE AND FACTORS OF SAFETY 


Uiiniets Modulus 
Material : oe Se ES ery 
per Square Inch 
Structural-steel’ ene 95 “3 feet 60,000 4to 8 
CASE ALOT wa eit cic! clinnn Cools Seat 20,000 g 
The stronger woods, oak, Southern 
jonaKer dey 7 oe ed Gg oo 6 AE 10,000 8 to 10 
Ordinary woods, white pine, hem- 
lockiwetc. See Rass oh ee eee 7,500 8 to 10 
Granite of average good quality .. . 1,800 10 to 15 
Limestone of average good quality. . 1,500 Io to 15 
Sandstone of average good quality. . 1,200 10 to 15 
Brick of average good quality .... 500 8 to Io 
Conerete 28 days old (173:5):... 250 10 


moduli of rupture and the factors of safety are commonly 
taken about as given in Table III. Some of these values are 
somewhat different from those adopted in other branches 
of engineering; but it should be constantly borne in mind 
that all such values are rough averages, more or less uncer- 
tain, and that it is this uncertainty that makes it necessary 
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to use a factor of safety. Scarcely any two investigators 
arrive at the same conclusion as to the exact strength of a 
given material; and the student should not be surprised at 
the differences in the values given in different books or 
adopted in different branches of the engineering profession. 


36. Steel Footings.—In the case of rolled-steel beams 
(not rectangular in section), the moment of inertia of the 
section may be taken from such tables as are published by 
the manufacturers of structural shapes. For this kind of 
material, 15,000 pounds per square inch may be safely used 
as a working bending strength for foundations exposed to 
quiescent loads only. 

In the long offsets possible with steel shapes, the deflec- 
tion of the beam under this loading 
may be important in some structures, 
and should be determined by the for- 
mulas given in Strength of Materials, 
Parte: 

EXAMPLE 1.—A wall 4A, Fig. 18, 2 feet 
thick, carries a load of 12 tons per lineal 
foot, including its own weight. The foun- 
dation of concrete is designed to have each 


footing project 1 foot beyond the one above. 
If the subfoundation may be safely loaded 


with 1$ tons per square foot: (a) what + Py | 
should be the width of the base? (46) what 


should be the thickness of each course? Fic. 18 


SoLtuTion.—(a) Since the load is 12 T. per lineal foot and the 
subfoundation can carry 13 JT. per sq. ft., the width of the base 
should be 

I2Z— 1b = 8 ft. Ans, 

There will, therefore, be three footing courses. (See Fig. 13.) 

(6) The first course below the wall has a width of 4 ft. and carries 
a load of 12 +4 = 3 T. per sq. ft.,; the second course carries a load 
of 12 + 6 = 2 T. per sq. ft.; and the third course, a load of 12 + 8 
= 1.5 T. per sq.ft. Toapply formula 4, Art. 34, to the first footing, 
we have J = 12, w = 3, 7 = 10, and s, = 250 (see Table III). Sub- 
stituting in the formula, 

3 X 10 ‘ 
ad = 12 (bee xX 250 = 26.83 in. Ans. 
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For the second footing, w = 2, the other values being the same as 
above; therefore, 


[ESO 
ah == BY “024 X 250 == PASE shal, Ans. 


For the third footing, w = 1.5, and 


ae raiate = 19in., nearly. Ans. 

EXAMPLE 2.—A brick foundation is to support a pillar 2 feet square 
resting on a pedestal 3} feet square and carrying a load of 150 tons. 
The capacity of the subfoundation is 1.5 tons 
per square foot. (a) What should be the 
area of the subfoundation? (6) If the foun- 
dation is made in four footing courses, each 
13 feet in depth, what should be the dimen- 
sions of each course? 


SoLUTION.—(a) The area of the subfoun- 
dation should be 
150 =:1:5 = 100 sq. ft. Ans. 
(b) The base will be made i0 ft. x 10 ft. 
To determine the allowable length of canti- 
lever for the first course above the subfounda- 


tion—that is, the distance the lowest course projects beyond the one 
above—apply formula 3, Art. 34. Solving for J, it is 


Ss s Sh 
“ee Wee. 


The values of sp and rs taken from Table III are 500 and 10, respect- 


Fic. 14 


ively; w = 1.5, and d = Substituting in the formula, 
3500 us 

= er = paints : 

l= 125 X10 X18 16 in., nearly 


The lower course is made to project 1 ft.; therefore, the next course 
will be 8 ft. X 8 ft. The distributed load is 


150 
8x8 
Substituting the proper values in the formula, 
3 X 500 
125 X 10 X 2.344 


This course is made to project 1 ft.; therefore, the next course will 
be 6 ft. X 6 ft. The distributed load is 

150 

6x6 


= 2.344 T. per sq. ft. 


L1= 18 


= 13 in., nearly 


= 4.167 T. per sq. ft. 
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Substituting the proper values in the formula, 


3 X 500 ‘ 
a—st \ = : 
8 125 X10 X 4.167 10 in., nearly 


This course is made to project 2 ft.; the next course is, therefore, 44 ft. 
xX 43 ft. The stone pedestal is 3} ft. square; therefore, the fourth footing 
course projects 3 ft. 


EXAMPLES FOR PRACTICE 


1. If the footing courses of the wall in Fig. 13 are composed of 
granite, what will be the required thickness of each, using a factor 


of safety of 10? Top course, 10 in. 
Ans. Middle course, 8.16 in. 
Bottom course, 7.06 in. 


2. A brick foundation is designed to carry a load of 150 tons. 
-(a) If the capacity of the subfoundation is 1.5 tons per square foot, 
what should be the area of the bottom course? (6) If the foundation is 
made in three footing courses, each projecting 1 foot beyond the next, 
what should be the depth of each of the courses? 
(a) 100 sq. ft. 


Top course, 22.4 in. 
Ans. (0) Mid course, 16.8 in. 


Bottom course, 13.4 in. 


387. Special Cases.—The assumption that the footing 
courses in foundations may be treated as uniformly loaded 


Ww 


O00 


a 
: —s Gib sa  eee a n ani! 
c 
Fic. 15a 


cantilever beams firmly fixed at one end is not always valid, 
and the exceptions are so common that they must be con- 
sidered. In the foundation shown in Fig. 15a the total load 
W from the column may be considered as distributed over 
the portion c 6 of the top of the beams a, while the upward 
reactions acting on the bottom of these beams, and also of 
the amount equal to W, are distributed over the entire sur- 
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face e f, the bottom area c 6 receiving only a portion of the 
load W. This loading is diagrammatically shown in Fig. 154, 
on which each of the shaded rectangles represents the total 
load W, the intensity being proportional to the altitudes of 
these rectangles. The difference in intensity of the loading 
on the top and bottom of c 6 gives rise to bending stresses 
kK" a ore = in that portion of the 

| beam, and it can be 

: -] shown by means of 

advanced mathematics 
that the maximum bend- 
ing moment occurs at a 
point m, midway be- 
tween cand 6. To find 
the amount of this bend- 
ing moment take mo- 
ments about m, Fig. 15d, 
hE Soca] of all the forces to the 
left of this section. The 

(b) sum of the moments of 
BAGO the upward forces is 


Aa 


equal to ox o and that of the downward forces is negative 


and equal to ox re The algebraic sum is 


Yr oh Wm Wil m 
M —— a Io) x —_—_ = eS ee ee 
Ae eee ches e a 


or, noting that 5 _ 5 = 2, we have 


ua Wn 
4 
EXAMPLE.—The total load carried by the bottom course of steel 
I beams, Fig. 15a, is 360,000 pounds; the length of the beams is 10 feet; 
and the width of the course next above it is 3 feet. (a) What is the 
maximum bending moment? (6) What size I beam may be used, 
assuming an extreme fiber stress of 15,000 pounds per square inch? 


SOLUTION.—(a@) The projection at each end of the bottom course is 


=8 
—5— = Sh ft., or 42 ia, 
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There are eighteen I beams in the course; therefore, the load on each is 
360,000 + 18 = 20,000 
Substituting these values in the formula, gives 


Me ——,_ — = 710,000 in.-Ib. Ans. 


(6) Referring to a table of moments of inertia, it is found that the 
moment of inertia of an 8-in. I beam weighing 18 lb. per foot of length 
is 56.9. The resisting moment of the beam is therefore 

af : 
a = 213,375 in.-Ib.; 
therefore, an 8-in. I beam may be used. Ans. 


EXAMPLES FOR PRACTICE 


1. If the width of the upper footing, Fig. 15a, is 2 feet, the loading, 
length, and number of beams in the course @ being the same asin 
the preceding example, what will be the greatest bending moment? 

Ans. 240,000 in.-lb. 


2. An 8-inch I beam, weighing 18 pounds per foot, has a moment 
of inertia of 56.9. Assuming an extreme fiber stress of 18,000 pounds 
per square inch, would this beam be sufficiently strong for the load in 
the preceding example? Ans. Yes. 


38. Footing Courses of Reinforced Concrete.— 
Footing courses of concrete reinforced with steel rods are 


20000 1b, 


A 


Fic. 16 


both efficient and ecomomical. Fig. 16 illustrates a footing 

of this kind; it consists of a block of concrete into which are 

built steel rods to resist the tensile stress, the steel being 

placed as near as possible to the lower surface of the block. 
ILT 316-4 
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In Reinforced Concrete, formulas and tables are included 
for computing the strength of reinforced-concrete beams for 
any combination of unit stresses of steel and concrete and for 
the constants and percentages of steel usually employed in 
practice. However, for the sake of simplicity, the values 
recommended by the Joint Committee for certain classes of 
materials and given in Arts. 69 and 70, Reinforced Concrete, 
will here be used. Thus, the value of 1, which is the ratio of the 
moduli of elasticity of steel and concrete, will be assumed as 
15 and the allowable maximum fiber stresses of steel and con- 
crete, as 16,000 and 650 pounds per square inch, respectively. 
For these conditions, the formula for the resisting moment in 
a reinforced-concrete beam is 

M =Rb@ (1) 
in which 6 is the width of the beam, in inches, and d its effective 
depth—that is, the distance of the center of the steel from the 
top of the beam—in inches. KF is a ooefficient depending on 
the amount of steel used, and its value for different percentages 
of steel may be taken from columns 2 and 6, Table II, Rein- 
forced Concrete. M is the resisting moment of the beam in 
inch-pounds, and in designing the footing, the resisting moment 
must be made equal to the maximum bending moment—that 
is, to the maximum moment of the external forces. There- 
fore, substituting for M the value derived in Art. 37, formula 1 


becomes, 
WA =Rbe (2) 

Formula 2 may serve for determining any one of the five 
quantities involved in the equation when the other four are 
known. In order to use R, the value of the steel ratio p—that 
is, the ratio of the area of steel to that of concrete—must 
be known. As explained in Art. 46, Reinforced Concrete, this 
ratio is expressed by the formula 

A 
Pie A (3) 
in which A is the area of steel used in the section of the beam. 

In the case shown in Fig. 16, there are assumed to be no 

stresses on the footing course in a direction parallel to the 
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wall; but where structures, such as the pillar shown in Fig. 14, 
in which the footing course is stepped out on all sides of the 
load to be carried, may cause crogss-stresses in the footings, 
two sets of steel rods placed at right angles to each other 
should be used. 


39. Reinforced concrete may be employed to bridge over 
spaces between piles or other non-continuous supports. Thus, 
in Fig. 17, where the two rows of piles A and B are spaced far 


apart, and the soil between them is so soft as to afford little or 
no support, a plain-concrete cap C would be inadequate to carry 
the distributed load, but the cap may be made amply strong 
by reinforcing it with steel rods, as shown. In this case, the 
beam is to be treated as a beam supported at both ends, and 
its bending moment calculated accordingly. Its resisting 
moment may be found by formula 1, Art. 38. 


EXAMPLE 1.—Let Fig. 16 represent a section of a wall A resting on a 
single footing course B of reinforced concrete, the dimensions being as 
marked, and the weight 20,000 pounds per foot of length. The steel 
reinforcement consists of three plain rods each } inch square, evenly 
spaced in the 1-foot section, at a distance of 15 inches from the top of the 
‘course. To find the moment of resistance of the footing and to determine 
whether the beam is strong enough, using the constants recommended by 
the Joint Committee. 
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SoLuTION.—To apply formula 1, Art. 38, A = (3)? «3 = 1.6875; 
A 1.6875 
d= 15; 6 = 12. Then, by formula 3, Art. 38, p= hd Aas 
= ,0004. Referring to columns 1 and 2, Table II, Reinforced Concreie, 
the corresponding value of R is found as 114.67. Substituting known 
values in formula 1, Art. 38, 
M = 114.67 X 12 X 15? = 309,600 in.-lb. Ans. 
By the formula of Art. 37, the bending moment is 
20,000 X 4 : 
= 20,000 28 = 240,000 in.-Ib. 
The moment of resistance exceeds the bending moment, and the beam 
is, therefore, strong enough. Ans. 


ExAmeLe 2.—Assuming the conditions of the preceding example, let 
the weight of the wall be 34,000 pounds per linear foot and the steel rein- 
forcement be placed 20 in. from the top of the footing. Find the area of 
steel that would be just sufficient to carry the load. 


SoLuTrion.—Apply formula 2, Art. 38. Solving for R, it is found that 
Rie 
4ba@ 
To apply this formula, W=34,000; n=48; b=12; and d=20. 
Substituting these values, 
je 34,000 X 48 
4X 12 X 20? 
Referring to Table II, Reinforced Concrete, it is found that for the con- 
stants recommended by the Joint Committee, the value of P corresponding 
to R=85is .0060. Applying, now, formula 3, Art. 88, the required area is 


A = pbd = .O0€ X 12 K 20 = 1.44sq.in. Ans, 


= 85 


ECCENTRIC LOADING OF FOUNDATIONS 


40. When the resultant pressure acting on a foundation 
does not pass through the center of gravity of the founda- 
tion, the latter is said to be eccentrically loaded. In 
the absence of external lateral forces, the center of pressure 
of a foundation lies in a vertical line passing through the 
center of gravity of the structure. If this line does not pass 
through the center of gravity of the foundation, the latter is 
eccentrically loaded. One of the most frequent examples of 
eccentrically loaded foundations is that of city buildings, 
where the wall of one building stands directly against that of 
its neighbor, as illustrated in Fig. 18. The footing courses 
can be stepped off on one side only, with the result that while 
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the center of pressure falls at a, the center of gravity of the 
foundation is at 6. This causes an uneven distribution of 
pressure over the subfoundation, and is likely to produce 
uneven settlement and consequent cracking of the structure, 
Where the subfoundation is 
absolutely unyielding, as solid 
tock, eccentric loading may 
generally be disregarded, un- 
less it is sufficient to crush the 
material. As, however, 
masonry with mortar joints is 
likely to be somewhat com- 
pressible, it is better to avoid 
eccentric loading even in such 
cases. Inthe case of all struc- 
tures resting on compressible Fic. 18 
subfoundations, eccentric loading should be avoided as much 
as possible, and, where it is not practicable to avoid it, it 
should be properly provided for. 


MATERIALS USED FOR FOUNDATIONS 


41. The materials commonly employed for foundations 
are masonry and timber. Steel and iron are occasionally 
used alone, but only under exceptional circumstances; steel 
rods embedded in concrete, however, are very extensively 
employed, reinforced concrete being now one of the materials 
of construction most commonly used for nearly all kinds of 
structures. The successful designing of foundations requires 
a knowledge of the properties of these materials and of the 
conditions and forms of construction to which they are 
adapted. The subject of masonry, including both plain and 
reinforced concrete, is fully treated in other Sections of this 
Course, and here it will be sufficient to make only a few 
remarks relating to the use of the various kinds of masonry 
for foundation work. 
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MASONRY 


STONE AND BRICK MASONRY 


42, Although concrete has to a great extent superseded 
stone and brick for foundation work, the two latter mate- 
rials are still used to a very great extent. Of the several 
kinds of stone masonry described in Stone and Brick Masonry, 
the only ones that are commonly used for foundations are 
squared-stone and rubble masonry. 


43. Kind and Quality of Stone Used.—The stones 
usually employed in masonry construction are granite, lime 
stone, sandstone, trap rock, and occasionally massive slate. 
Any of these may vary in quality so widely that no stone 
without an established reputation for strength and durability 
should be used in important structures except after careful 
investigation. In the older settled sections of the country, 
the quality of stones from certain geological strata and from 
certain quarries has been established by long experience, 
and these may be used with confidence. In new countries 
or localities, the engineer must, in the absence of experi- 
ence, determine the character of any stone by proper tests. 
Numerous physical and chemical tests have been proposed 
or devised for determining the quality of building stone, but 
they are often unnecessary. In many cases, strata of a rock 
may be observed along streams or the sides of hills, where 
it has been exposed for centuries to destructive climatic 
influences; the present condition of these strata is the surest 
evidence of the quality of the rock. If the exposed parts 
stand out boldly, with sharp angles and projections and no 
cracks, no better evidence of durability could be wanted; 
and it is also found that under such conditions the strength 
of the rock is usually high. Such evidence is of far greater 
practical value than any chemical or physical tests that can 
be applied. Furthermore, no physical or chemical tests 
should be accepted as conclusive of the value of the rock if in 
such natural exposures it appears cracked and disintegrated, 
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with distinctly rounded angles and projections, or has receded 
by decay under or around projecting strata of greater dura- 
bility. It is true that some such rock, if quarried and prop- 
erly dried or seasoned, may prove fairly durable in structures 
where its dryness may be maintained or where it will be more 
or less protected from climatic influences; but, as arule, experi- 
ence alone can safely establish such qualities, particularly in 
foundation work, where the stone, being exposed to moisture 
and alternations of heat and cold, is likely to develop any 
weaknesses that would appear from its natural geological 
exposure. 


TABLE IV 
Ultimate Crushing Strength Ultimate 
Kind of Stone or Brick - ae 

Pounds per Tons per 

Square Inch Square Foot Square Inch 
Winrestone 0. 3 sn 3 6,000 to 18,000} 430to1,300} 140 to 2,500 
MarDlew sc. saauns coe s. 6) 7,000 to 20,000 500 to 1,440 150 to 2,800 
Sandstone, hard ... .| 6,000to15,000) 430to1,080| 600 to 2,300 
Sandstone, soft... . .| 4,000to 10,000; 290to 720] 150to 1,200 
(GRAMIVE SS Fa) awk fast oe 10,000 to 20,000} 720to01,440} 900 to 2,700 
TAS LO Clete wolgetle «sie 15,000 to 24,000 | 1,080 to 1,730 
Brick, ordinary building . 600 to 7,500 43to 540| 250 to 2,700 
Pati Ce LESSE Cae any ht ae. 800 to 15,000 58 to 1,080 500 to 2,000 
Brick, vitrified paving . .| 8,o00to 18,000 58 to 1,300 | 1,500 to 3,000 


44, Strength of Stone and Brick Masonry.—The 
engineer is most interested in the compressive resistance of 
stone or brick, and does not often have occasion to consider 
the tensile strength. The former has been determined in 
a large number of instances, but data on the latter are few 
and unsatisfactory. The resistance to crushing of the same 
kind of stone varies within wide limits. An idea of these 
variations may be obtained from Table IV. In the last col- 
umn of this table is given the approximate tensile strength 
of the materials, according to the best available authorities. 
Some of the values for crushing strength have already been 
given in Table I. These values are given here for general 
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information, not as the values that would be likely to be 
used in any actual case. 


45. Cutting and Dressing Stone.—For ordinary 
foundation work, where the stones are laid in good Portland- 
cement mortar, very little cutting and dressing is required, 
and money expended to secure close beds or joints, or 
good faces, is practically wasted. Even where squared- 
stone masonry is used, the stone, if it comes from the quarry 
in reasonably good shape, needs very little dressing. It can 
be broken by the hammer into roughly approximate form 
and dimensions, and it may be necessary to use the point 
chisel to remove objectionable projections. Proper care to 
bed the masses in and to thoroughly fill the joints and all 


TABLE V 
CRUSHING STRENGTH OF MASONRY 


Crushing Strength 


Ki f 
anGsot MASORTY. Tons per Square Foot 


IRUDDIG; OEY) ean oes” Sees Oa em 3 to 10 
Rubble in cement mortar ~~. ee = 3) 10 to 15 
Squared stone in cement mortar ... 15 to 20 
Ashlar limestone in cement mortar . . 20 to 25 
Ashlar granite in cement mortar .. . 25 to 30 
Back in Mine AnOTtats.: sac ado ie, omen es 3to § 
Bricks Cement MOxrtata | s-te suns ounes | 5 to) a2 


voids with good mortar will insure the requisite strength 
and stabililty at a far lower cost than careful and expensive 
dressing. This is still more true of rubble masonry, where 
no tool other than the hammer need be used, and that 
but sparingly. 


46. Safe Loads on Masonry.—There is probably no 
definite or even approximately close ratio between the crush- 
ing resistance of the stone or brick of which masonry is built 
and that of the masonry itself. Nor is it possible, with 
any facilities that have been or are likely to be available, 
to determine the crushing resistance of large masses of 
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masonry. In a few instances, masonry has failed under 
excessive loading, but in even these few cases there are not 
sufficiently complete data to determine the crushing resist- 
ance with any degree of accuracy. Such experience indi- 
cates that masonry of the classes mentioned in Table V may 
be expected to carry safely the loads stated. The lower 
value applies to good and the higher to the best quality of 
masonry of its class. 

In the great majority of cases, the dimensions of a masonry 
structure are determined by considerations other than capacity 
to carry load, and the actual load imposed is so far below the 
ultimate strength of the masonry that this strength is not an 
important matter. 


CONCRETE 


47. Plain and Reinforced Concrete.—The subject of 
concrete is fully treated in Plainz Concrete and Reintorced Con- 
crete. As there stated, concrete made with Portland cement 
is far preferable to that made with natural cement, especially 
now that, owing to the development of the Portland-cement 
industry, this material can be obtained at comparatively low 
prices. In general, Portland cement is more economical 
than natural cement for many kinds of work; that is, for the 
same strength of concrete, one dollar’s worth ot Portland 
cement will make a larger volume of concrete than will one 
dollar’s worth of natural cement. 

In localities where, for any reason, natural cements are 
much cheaper than Portland cements, natural-cement con- 
crete may be the more economical to use, and for many 
purposes its strength will be found sufficient. 

For most engineering works, mortars of natural cement 
and sand should be in the proportion of one part of cement 
to two parts of sand, and concrete made of the same material 
should usually consist of one part of cement, two parts of 
sand, and four to five parts of stone. Such concrete should, 
at the age of 6 months, have a crushing strength of 900 to 
1,000 pounds per square inch, and may be safely loaded with 
8 to 10 tons per square foot. 
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48. Stone and Brick Masonry Combined With 
Conecrete.—Where it is thought necessary that the outer or 
exposed surface of foundation masonry shall be of stone, in 
order to more effectively resist floating ice, heavy drift, or 
concussion and abrasion from passing vessels, the face of the 
structure may be built of any desired class of stone or brick 
mason¢y, and the interior filled with concrete, which is put in 
place as the masonry courses are completed. If the work is 


Fie. 19 


properly done, this method of constriction is effective and 
economical. Fig. 19 illustrates, in plan, this method of 
construction. 


TIMBER 


KINDS AND PROPERTIES OF STRUCTURAL TIMBER 


49, Kinds of Wood Commonly Used.—In a well- 
timbered country, wood is the most convenient and econom- 
ical structural material. The main objections to it are that 
it is comparatively short-lived, and that it is easily destroyed 
by fire. There is a wide difference in the strength and 
durability, as well as the abundance and availability in 
different localities, of the different species of wood. Some 
of them, when exposed to the influences of the weather, will 
decay in a very short time, while others are fairly durable, 
even under the most unfavorable conditions. 

The woods that have been most extensively employed for 
structural work are the following: 

1. The white oak family, which includes common white 
oak, post oak, and chinkapin oak. These woods possess a 
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high degree of strength and hardness, and are among the 
most durable. Other species of oak are comparatively hard 
and strong, but lack durability. 

2. The pines are important structural woods. In the 
northern part of the United States, white pine has long 
been a standard building material. It is strong, but lighter 
than most woods; it is soft and easily worked. The long- 
leaf yellow pine of the American Atlantic and Gulf States 
is one of the strongest, hardest, and most durable of woods, 
comparing favorably in these respects with white oak. On 
the Pacific Coast, the Oregon ved fir is one of the best woods 
for structural work. 

There are many species of pine that are almost equal 
in strength to those named, but they are short-lived. In 
the Southern States, loblolly pine and bastard pine are 
abundant, and when sent to market it requires a good knowl- 
edge of the characteristics of each to distinguish the timber 
from long-leaf yellow pine. In fact, a large part of the 
timber and lumber now on the market purporting to be long- 
leaf yellow pine is really loblolly or some other inferior 
species of pine. The engineer will require expert knowledge 
to be able to distinguish and reject the inferior kinds. 

3. Cypress is a very durable wood found mostly in the 
swamps of the southern American states. While possess- 
ing sufficient strength, its liability to split makes it unsuit- 
able for many structural purposes. 

There are a number of other species of wood whose com- 
bined qualities of strength and durability recommend them 
to the engineer, but they are not sufficiently abundant to 
make them available for extensive structural work. 


50. When, for any reason, the question of durability need 
not be considered, as for temporary constructions, or for 
foundations or parts of structures constantly submerged in 
water, or buried in damp clay to such a depth as to exclude 
the air, there are many other species of wood that possess 
sufficient strength and are found in more or less abundance. 
Among these are all the species of oak, most of the pines, 
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hemlock, spruce, elm, ash, hickory, and others. For sub- 
merged foundation work, any of these may be utilized safely. 


51. Strength and Durability of Timber.—Table VI 
gives the tensile and crushing strength of the species of 


TABLE VI 


STRENGTH AND DURABILITY OF DIFFERENT 
SPECIES OF WOOD 


Witimiate Ultimate Crushing 

Tensile Strength Relative 

Strength | Pounds per Square| Dura- 

Species of Timber Pounds per Inch bility on 

SquareInch es Scale of 

Parallel to | Parallel | Across | 1 t© 1° 

Fiber to Fiber | Fiber 

Achianiitel es sieiiey see Sell LO; SOO: 7,200 1,300 6 
[shieloly (aeiels se hn a oe 7,000 8,000 1,300 2D 
Gedarm white wes. sit bs 6,30C 5,200 500 8 
ESTO yee os Sues ey esas O00 5,300 goo 6 
Gyvpress; bald (a4... - 7,900 6,000 500 9 
Bai, White) <-gcc sce o/) AROFZO0 6,500 1,300 4 
Gum, Sweet. a 2 4.¢.08 9,500 TOO B 
HlemiloOcks yee teen pede: 6,500 5,300 600 2 
Hickory, shagbark . .| 16,000 9,500 2,000 5 
OCUSE black meen enc. 000 g,800 1,900 10 
Maple, white. . 2. .| 10,000. 6,800 1,300 2 
Ck VIVES = tec 8 Se are LOO 8,500 1,700 8 
CAS TEC Pe oad be oh Tee SET EAOO 7200 1,600 i: 
Pine, Wiite Uline) Sees 7,900 5,400 600 yi 
Pine, long-leaf yellow .| 10,900 | 7,000 1,300 9 
Pine doblolly. 7. 2.) 16.100 6,500 1,200 2 
Pine, short-leaf . . .. 9,200 5,900 1,000 3 
Sptuce, Wiackwu nt 7 ALO 000 5,700 700 6 
Spruce, Douglass. . . 7,906 5,700 8 


wood commonly employed in structural work. The values 
given relate to sound, well-seasoned wood. In the last 
column, it has been attempted to designate on a scale of 
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1 to 10 the relative durability of the species named, 1 repre- 
senting the least durable, and 10 the most durable woods. 

It must be noted, however, that the figures in this table 
are only approximately correct. The conditions of age, 
soil, climate, etc., under which the wood has grown, greatly 
affect both its strength and its durability. The values given 
in the table may be safely used with a factor of safety of 
about 10. 


SEASONING AND PRESERVATION OF TIMBER 


52. Causes of Decay.—As is generally known, the 
decay of wood is caused by the growth in it of fungi, many 
of them microscopic. These fungi require moisture and air 
for their development and growth. In the absence of 
either air or moisture, they can neither propagate nor grow. 
When wood is completely submerged in water, access of 
sufficient air to support these fungi growths is prevented, 
and almost any kind of wood, however short its life in open 
air, will remain sound for long periods of time. For this 
reason, species of wood that are very short-lived under 
ordinary conditions will prove sufficiently durable in founda- 
tions that are either always submerged in water or buried to 
considerable depths in soil saturated with water. Any kind 
of wood, therefore, that possesses the requisite strength 
may be safely used in submerged foundation work, provided 
that it is not attacked and destroyed by the Teredo or other 
wood-boring worms. If such woods, after thorough season- 
ing, could be kept perfectly free from moisture, they would 
prove durable even when exposed to the air. This is true 
of all woods, whether naturally durable or not. On the 
contrary, the durability of any wood will be greatly abridged 
if the wood is full of moisture when piaced in structures in 
situations where ‘the moisture will be retained, and access 
of air freely permitted. 


53. Seasoning.—The thorough drying of wood intended 
for structural work is important. The process of drying is 
called seasoning, and it may be either a natural or an 
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artificial process. Natural seasoning consists in exposing 
the wood to sun and air, while protecting it from rain. In 
artificial seasoning, the wood is subjected to artificial heat, 
with free access of air. The process is usually conducted in 
enclosed spaces called kilms, and the name kiln-dried is 
often applied to wood thus seasoned. The operation is 
greatly. expedited by promoting the free circulation of air to 
carry away the moisture as rapidly as it is evaporated, and 
for this purpose power fans are often employed to keep 
up a constant air circulation. The process is still further 
hastened by first heating the air before it is forced into the 
kilns. Natural seasoning may require from 3 months to 
1 year, depending on the conditions, while artificial season- 
ing may require but a few weeks. For most foundation 
work, where the timbers will be either submerged or 
subjected to constant moisture, seasoning is not necessary. 


54. Chemical Preservation of Timber.—A large 
number of processes for preserving wood from decay and 
from the attacks of worms have been proposed and used 
more or less. They nearly all consist in filling the pores of 
the wood with some antiseptic that is supposed not only to 
destroy and prevent the growth of fungi, but to exclude 
moisture. Some of the chemicals used are soluble in water. 
Such chemicals will usually leach out when the timber 
becomes wet, and after a few years disappear, leaving the 
timber in the same condition as if it had never been treated. 
A few of the various processes will be very briefly described. 


55. Vuleanizing.—By this process, the wood is heated 
in a close cylinder with air at a pressure of from 100 to 
175 pounds per square inch, and a temperature of from 300° 
to 500° F. It is claimed that the action of the heated air 
evaporates all the water in the wood and coagulates the sap; 
that the high degree of heat sterilizes the wood and produces 
such changes as to render it antiseptic; and that the results 
are, in every other respect, very satisfactory. Ties have 
been treated in this way on a large scale at a cost of about 
25 cents per tie. 
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56. Creosoting is one of the most efficient and satis- 
factory wood-preserving processes yet discovered, It con- 
sists in forcing into the wood the dead oil of coal tar 
commonly known as creosote oil. To properly apply 
the process requires an expensive plant, and increases the 
cost of the timber very materially. The timber to be treated 
is placed in a large iron vessel or cylinder, which is then 
closed air-tight. The cylinder is filled with live steam 
at a pressure of at least 50 pounds per square inch (very 
soft wood may require as high a pressure as 144 pounds 
per square inch) to heat the timber and extract the sap from 
it. After about 6 hours’ exposure, the steam is shut off, 
the condensed water, sap, etc. removed from the cylinder, 
which is then connected with an air pump, and the air 
exhausted until the barometer pressure does not exceed 
12 inches. The partial vacuum is maintained for a period 
of from 5 to 8 hours, the object being to extract the sap and 
moisture from the wood as completely as possible. While 
the partial vacuum is still maintained, the dead oil, at a tem- 
perature of about 220° F., is admitted to the cylinder until 
the wood is entirely covered by it. The air pump is then 
disconnected and a force pump connected with the cylinder, 
by which a pressure of at least 40 pounds per square inch 
is produced and maintained until the wood has absorbed the 
desired quantity of oil. The quantity of oil injected into the 
wood varies with the purpose for which the timber is to be 
used. For railroad cross-ties, telegraph poles, railroad tres- 
tles, etc., 10 to 12 pounds of oil per cubic foot of timber is con- 
sidered sufficient; while, where the object is the protection of 
the wood from sea worms, from 16 to 25 pounds of oil per 
cubic foot should be forced into the wood. No definite figures 
can be given, since some woods are more porous than others 
and require a larger quantity of oil to properly saturate them. 


57. The creo-resinate process consists in impregna- 
ting the wood with a compound of sixty parts of creosote, 
thirty-eight of rosin, and two of formaldehyde. Creo- 
resinate is applied in the same manner as plain creosote. 
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This process is the most recent, and is considered to be 
effective, both from an economic and from a sanitary point 
of view, though each of the other processes, when properly 
applied, will prevent decay and thus lengthen the natural 
life of the wood. All processes greatly diminish expan- 
sion and contraction, and also render the wood practically 
impermeable. 


58. The zinec-tannin process, which is also known 
as the Wellhous process, after the inventor, consists in 
successively impregnating the wood with two solutions; as 
soon as these two solutions become mixed within the pores 
of the wood, a chemical reaction takes place, which turns 
them into a leathery substance that is insoluble in water and 
cannot, therefore, be readily washed out when the timber 
becomes wet. ‘The chemiculs employed in this process are 
a solution of chloride of zinc and glue, which is first forced 
into the wood by pressure, and a solution of tannin, which 
is forced into the wood after the first solution. It has been 
claimed that such a process, which may be applied to a cheap 
soft wood tie as readily as to the best oak tie, will treble 
the life of a soft wood tie, while it costs about 11 to 13 
cents per tie. It is even claimed that the spikes in wood 
treated in this manner have a greater holding power than 
in the plain wood. 


59. Other Processes.—Several other processes are 
employed for treating timber. One of the most common 
of these is kyanizing; this consists merely in soaking the 
timber in a tank containing a solution of corrosive sublimate 
(bichloride of mercury). The proportions used are 1 pound 
of sublimate to from 10 to 15 gallons of water. The process, 
although it has been extensively used, is objectionable in 
many respects, and is not effective for long periods. 

Another process, known as burnettizing, consists in 
forcing into the wood, under pressure, a solution of chloride 
of zinc. In this process, the sap is previously removed 


from the timber by the method explained in Art. 56 
for creosoting. 
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QUALITY OF TIMBER 


60. Timber is likely to vary more widely in quality, and 
to require more careful inspection, than any other material 
with which the engineer has to deal. Growing trees are 
subject to injuries and disease that cannot be ascertained 
until the trees are cut into lumber. The best and strongest 
timber comes from thrifty live trees that have reached but 
not passed the age of maturity. Such trees consist of two 
well-defined portions, heart wood and sap wood, the latter 
being the outer and less matured part. Sap wood is gen- 
erally not so strong and decays much more quickly than 
heart wood. The best of timber for structural purposes, 
where durability is to be considered, is free from sap wood. 
If, however, the timber is to be constantly submerged in water. 
or if it is to be treated by creosoting, the sap wood is accept- 
able. Structural timbers should be straight-grained, free 
from rotten or decayed parts, and from incipient decay, 
commonly called dotzness; from large knots, particularly if 
they are unsound; from cracks, whether those known as 
wind shakes or caused by improper seasoning; and, in short, 
from any imperfections that may impair their strength and 
durability. 


STEEL AND IRON 


61. Foundations are not often constructed wholly or even 
mainly of steel or iron, but special conditions have led to 
such constructions in not a few instances. Where great 
strength must be developed within limited spaces, or great 
weight must be transferred from one point to another, steel 
is the only adequate material. Iron and steel are used in 
comparatively small quantities, as for bolts and clamps in 
timber and masonry work; steel rods are important elements 
in the construction of reinforced concrete. In foundation 
work, where the loads are wholly static or quiescent, fiber 
stresses of from 14,000 to 16,000 pounds per square inch are 
permissible for plain steel; and in reinforced-concrete con- 
struction, where steel rods having an elastic limit of 45,000 
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pounds per square inch or over are used, they may be safely 
loaded up to 15,000 pounds per square inch of section. 


62. The chief objection to the use of wrought iron and 
steel in foundation work is their liability to oxidize or corrode 
in the presence of air and moisture. Even where the metal 
is permanently submerged in water, the oxygen of the air 
contained in the water may be sufficient to cause serious 
oxidation, unless the metal is protected in some way. ‘The 
important fact seems well established, though the reason for 
it is not fully understood, that iron or steel embedded in con- 
crete, whether dry or wet, does not oxidize, and will remain 
for at least very long periods of time free from rust or dete- 
rioration. Combinations of steel and concrete are especially 
applicable to some foundation work, and, when constructed 
with proper care, such work may confidently be expected to 
prove durable and satisfactory. All steei and wrought iron 
used in foundations should be encased in concrete wherever 
possible. Cast iron is comparatively free from oxidation, 
even when exposed to moist air under the most unfavorable 
conditions. 


FOUNDATIONS 


(PART 2) 


FOUNDATIONS ON LAND 


CLASSIFICATION OF FOUNDATIONS 


1. Bases of Classification.—While foundations proper 
may be made of a considerable variety of materials or of 
combinations of materials, and may differ widely in their 
forms and in the methods of constructing them, they may 
be classified with reference to either the kind of material 
used, or the method of construction. 


2. Classification Based on Kind of Material Used. 
With reference to the materials employed, foundations are 
divided into the following classes: (1) masonry founda- 
tions, which consist wholly or largely of some class of 
masonry, such as stone, concrete, or brick; (2) timber 
foundations, which are constructed of timber, usually sawed 
or hewn into rectangular form (though round timber is some- 
times used), framed or otherwise connected to form a solid 
structure or mass; (3) pzle foundations, in which piles of 
either wood, metal, or concrete form the essential part of the 
foundation; and (4) steel foundations, which are made of steel. 


8. Classification Based on Method of Construction. 
With regard to methods of construction, foundations are 
thus classified: (1) dry foundations, in which, as the name 
implies, no water is encountered, and no special provision 
for it must be made: foundations of this kind are compara- 
tively rare; (2) sabmerged foundations, which are partly or 
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wholly under water; (3) wet foundations, into which water 
flows or percolates, so that bailing or pumping is necessary; 
(4) crib foundations, which are wholly or partly composed of 
timber cribs or rafts; (5) coffer-dam foundations, in which a 
coffer dam is used during construction; and (6) Axeumatic 
foundations, in the construction of which compressed air is 
used to assist the sinking of the foundation into place. 


PILE FOUNDATIONS 


PILES 

4. Kinds of Piles.—A pile is a column or beam of 
wood, metal, or other material, driven into the earth to 
support or protect a structure. 

Wooden piles are ordinarily the trunks of trees, freed of 
branches and large knots. For special purposes, however, 
piles sawed or hewn into rectangular sections are frequently 
used. 

Iron and steel piles of various forms and sections are some- 
times employed. If of cast iron, they are usually hollow 
cast tubes or columns; if of steel, they consist of single 
rolled shapes or of two or more such shapes riveted together 
to form a single member. 

Concrete piles consist either of concrete reinforced with 
steel rods, or of plain concrete. 


5. Whatever may be their form or material, piles are 
often classified with reference to the special purpose they 
are intended to serve. 

Bearing piles are those used to support vertical forces 
or loads; to this class belong the great majority of piles 
used in engineering construction. 

Protection piles are piles driven singly or in groups or 
rows to protect or shield a structure from external injury. 

Anchor piles, or mooring piles, are used singly or in 


groups for holding or anchoring vessels and other floating 
structures. 
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Sheet piles consist of rows of piles, driven together as 
closely as possible, to enclose a foundation or other space; 
they are usually of rectangular section and are often tongued 
and grooved to insure close contact and to prevent the 
passage between them of water or mud. 

Some special varieties of piles have received distinctive 
names on account of their forms or the manner of putting 
them in place. Among such may be mentioned screw piles, 
jet piles, and pneumatic piles. These will be described more 
fully in subsequent pages. 


6. Use of Piles for Foundations.—Pile foundations 
are resorted to when the surface soil at the site of a struc- 
ture is unsuitable for a subfoundation and suitable material 
exists only at suci a distance below the surface that it is 
impracticable to reach and utilize it by the ordinary methods 
of excavation. Even if fairly satisfactory material is avail- 
able, piles serve to distribute the load through a greater 
vertical depth than would be otherwise practicable. 


THE DRIVING AND SINKING OF PILES 


7. Pile Drivers.—Piles of small size to be driven to 
comparatively short depths may be forced into position by 
sledges or mauls in the hands of workmen. Larger piles are 
driven by special machines, called pile drivers. These 
drivers are of two kinds; namely, dvop-hammer pile drivers, 
and steam-hammer pile drivers. 


8. Drop-Hammer Pile Drivers.—Fig. 1 illustrates a 
very common type of drop-hammer driver. It consists 
essentially of a heavy weight a, called the hammer, and of 
motive power and mechanism for raising the hammer and 
allowing it to fall on the top of the pile. The hammer is 
usually of cast iron, of the form shown at (a), and weighs 
from 1,000 to 3,000 pounds. It is cast with vertical grooves 
or recesses a’,a’, which partly envelop and engage with the 
upright guides 4, 4, called the leads. These are two timbers 
supported on a horizontal platform, and serve to guide the 
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hammer in its vertical motion. ‘The leads are braced and 
stiffened by inclined struts c,c. A line » of rope or wire 
cable has one of its ends attached to the hammer, from which 
it passes over a sheave at the top of the leads and thence to 
the drum d of a hoisting engine. This drum is connected 
to the engine through a friction clutch, by which it may be 
quickly thrown into and out of gear. Another drum d, simi- 
larly connected to the engine, operates a second cable 7 
passing over a sheave at the top of the leads and used for 
hoisting the pile into place. 


Side View Front View 
Fie, 1 


In operation, the hammer is raised out of the way, and the 
pile is hoisted and placed upright between the leads, with its 
foot on the ground where it is to be driven, and secured in 
position by appropriate devices. The hammer is gradually 
lowered on the head of the pile, to force the latter into the 
ground to a slight depth, dependent on the softness of the 
soil. The hammer is then raised to any desired height, 
the engine stopped, and the friction clutch released, when 
the hammer drops on the head of the pile. In doing so, it 
draws the cable with it, reversing the motion of the drum, 
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which is partly controlled by a brake that prevents it from 
continuing to revolve after the hammer has struck the top 
of the pile. This operation is repeated until the pile is 
driven to the desired depth. 


9. The method just described of attaching the hoisting 
line permanently to the hammer is the cone now most com- 
monly used, and is considered the most satisfactory. Some 
machines are, however, still equipped with an automatic 
catch, called a “‘nipper,’’ between the end of the line and the 
hammer. This device is illustrated in Fig. 2. The nippers 
proper 6,4 are attached to a cross-beam a that has recesses 
at its ends and slides up and down on the leads. The lead 
line is attached to an 3 
iron piece having an 
eye at its top, as 
shown. To the top 
of the hammer is 
attached a clevis hav- 
ing a wedge-shaped 
cross-piece d between 
the sides. When the 
nippers are lowered, 
they slide over this 
wedge-shaped piece 
and engage with it; and when the line is hoisted, it carries 
the hammer with it. At the top of the leads are placed 
tripping blocks, which press the curved arms together, thus 
releasing the hammer. The line is then lowered, the nippers 
again engage the hammer, and the operation is repeated. 
This device is seldom used now except with small drivers 
operated by horses. 


Fie. 2 


10. Steam-Hammer Pile Drivers.—A steam-ham- 
mer pile driver differs from a drop-hammer machine in that 
the hammer is operated by steam, in the same general way 
as the steam hammers used for forging iron and steel. 
The mechanism consists of a vertical steam cylinder with a 
piston having a stroke of about 3 feet, the lower end of the 
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piston rod carrying a heavy hammer. Fig. 3 illustrates the 
construction of the steam hammer, though the machines in 
actual use are more elaborate: a is the steam cylinder, 4 the 
piston rod, and cc the hammer; d,d are guides the upper 
ends of which are attached to the steam cylin- 
der, and the lower ends to the anvil block or 
plate e. These rods pass through holes in 
both sides of the hammer, thus guiding its 
motion. The block e has a conical hole 
through its center, as shown by dotted lines, 
and the hammer has a projection f that passes 
freely through this opening. 

Steam, conveyed to the cylinder by a flexible 
pipe or hose, is admitted below the piston, 
forcing it and the attached hammer upwards. 
At the end of the upward stroke, the steam 
is automatically cut off, the exhaust port is 
opened, and the hammer and piston fall by 
their own weight to their original position; 
steam is again automatically admitted, and the 
operation repeated. The whole mechanism 
is placed between and guided by the leads, 
and is suspended by the line that, in the 
drop-hammer machine, carries the hammer. 
When the pile is in place, the whole apparatus 
is lowered on its top, which is usually dressed 
to fit approximately the conical hole in the 
anvil block. Steam is then turned on and the 
hammer begins to work, striking rapid blows and following 
the pile as it descends. 


11. Comparison of the Two Kinds of Pile Drivers. 
There has been much discussion as to the comparative merits 
of these two types of pile drivers. The truth is that each is 
most effective under conditions that favor its use. In the 
drop-hammer machine, the hammer may be allowed to fall 
any distance from 1 to 30 or more feet; while in the steam 
hammer the fall is limited to the stroke of the piston, usually 
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from 23 to 84 feet. As with other falling bodies, the energy 
developed by the drop of the hammer is measured by the 
product of the weight and the distance through which it falls. 
With hammers of equal weight, it is obvious that the drop 
hammer, with its much greater possible range of fall, is 
capable of delivering the more energetic blows, and is there- 
fore more effective where the material to be penetrated is 
very hard. On the other hand, the steam hammer delivers its 
blows much more rapidly than the drop hammer, and, if the 
material through which the piles are to be driven is compara- 
tively soft, so that the energy of the blow is adequate to 
force the pile through it, more rapid progress may be made 
than with the drop hammer. ‘Thus, if a steam hammer 
weighing 2,000 pounds and falling 8% feet strikes eighty 
blows per minute, the work done will be 
2,000 x 83 X 80 = 560,000 foot-pounds per minute; 
while a drop hammer of the same weight falling 25 feet 
may strike ten blows per minute, and the mechanical work 
developed will be 
2,000 x 25 x 10 = 500,000 foot-pounds per minute. 

In practice, the steam hammer is made from 25 to 50 per 
cent. heavier than the drop hammer, and this partly compen- 
sates for the smaller fall of the former. The greater energy 
of the blow of the drop hammer, where it is not required to 
force the pile through hard material, is disadvantageous, 
because it is much more likely to split or “broom” the head 
of the pile. On the other hand, the first cost of the steam- 
hammer outfit is much greater than that of the drop hammer, 
and its more complicated mechanism makes it more liable 
to break down and more expensive to keep in repair. The 
drop-hammer machine is preferred by almost all contractors. 


12. Inclined Piles.—Piles are usually driven vertical. 
When, in exceptional circumstances, it is necessary to have 
them inclined, this is easily done by simply inclining the 
leads of the pile driver. 


13. Location of Pile Drivers.—For building and other 
sfmilar work, the pile-driving mechanism is installed on the 
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ground, near the place where the piles are to be driven. 
When piles are to be driven in water, the pile driver is 
placed on a flatboat or scow, so that it will be readily 
movable from point to point. Pile drivers for work on 
operating railroads are placed on flat cars in such a manner 
that they can be revolved in a horizontal plane, thus allowing 
the leads to be swung through a considerable arc from side 
to side, in order to drive the piles in any position required. 
Drivers are also constructed so that the leads can be inclined 
to drive the outer or batter piles at the proper angle with 
the vertical. 


14. Sinking Piles by Water Jet.—Where piles are to 
be used in sand or comparatively loose soil, they may be 
sunk into position by the use of a jet of water. In this 
method, the lower end of the pile is fitted with a nozzle 
discharging downwards. This nozzle is connected by hose 
or pipe to a force pump. When the pile is placed in posi- 
tion, the pump is started and a strong jet of water is dis- 
charged against the sand or other material immediately below 
the end of the pile. The result is to soften and cut out the 
material, allowing the pile to settle either by its own weight, 
or by additional weight placed on its top, or, sometimes, 
by comparatively light blows of a pile driver, until the desired 
depth is reached. When the operation is completed and the 
current of water discontinued, the surrounding material settles 
into close contact with the pile, giving it the necessary stabil- 
ity and bearing power. Under favorable conditions, piles 
may be driven by this method more rapidly and cheaply than 
with the ordinary pile driver. This is particularly true in dry 
sand, which offers great resistance to piles forced into it by 
blows from a_ hammer. 


15. Screw Piles.—Iron or steel piles, and occasionally 
wooden piles, sometimes have their points provided with a 
horizontal spiral flange or screw, by the aid of which they 
are forced into sand or soft soil. Usually, one or two turns 
of the flange or thread are attached to the lower end of the 
pile, as shown in Fig. 4 (2) and (4). When such a pile is 
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placed in position and revolved in the proper direction, the 
spiral blade or screw engages with the earth, forcing the pile 
downwards in much the same way as an ordinary wood 
screw is forced into 
soft wood. The 
spiral flanges vary in 
width, but are ordi- 
narily from 2 to 5 feet 
in diameter. When 
once started, screw 
piles may be sunk 
pretty rapidly. The 
power required to 
turn the pile will vary 
with the hardness of 
the material to be 
penetrated. In soft 
material, the driving 
is accomplished by 
men working at 
levers, similar to the 
levers of a capstan, 
attached to the pile. 
In harder material, 
mechanical power is 
used, which is applied 
to the pile through 
suitable devices. 
The shaft may be 
made of sections of steel or cast iron connected by screws 
or flanges, as shown in the figure. 

One advantage of this form of pile is that the wide flange 
greatly increases the bearing area of the pile in soft material, 
where the ordinary pile might not be effective. Screw piles 
are frequently used in preparing foundations under water or 
in soft boggy locations. 


ULLEDETS TES SLLILEL TELE) APEEEEEEELEEES 


LLITISELESSSEATESELEL MEDEA 


y 
iS 
VZ4 LL LE 


Fic. 4 


10 FOUNDATIONS § 47 


CONCRETE PILES 


16. Concrete piles are used to a considerable extent in 
foundation work. They possess the great advantage that 
they do not decay like wood nor corrode like steel piles. 
Two types will be described here. 

A tube or shell of thin steel, shaped like the intended pile, 
is constructed so that it is partly collapsible along one or 
more longitudinal lines or points. This shell, which is called 
a pilot pile, is driven into the ground in much the same 
manner as the ordinary wooden pile. When driven, it is 
partly collapsed and withdrawn, and the hole made by it is 
filled with concrete. Where the ground is soft and the walls 
will not maintain their form after the pilot pile is withdrawn, 
a thin casing of metal or other material fitted over the pilot 
pile is driven with it; and, when the latter is withdrawn, the 
casing preserves the walls of the hole until it is filled with 
concrete. This kind of concrete pile has been very success- 
fully used for the foundations of heavy buildings. 

In another form of concrete pile, the pile is made of con- 
crete in molds of the desired shape and dimensions, and 
allowed to set or harden. It is then driven by the water-jet 
process or by careful driving witha pile driver. These piles 
are usually reinforced with steel rods or bars, and are thus 
made sufficiently strong to be readily handled and driven. 
They are also usually provided with iron or steel shoes, to 
prevent injury to their points and to facilitate driving. If 
hammer-driven, their tops are protected with an elastic 
cushion of wood or other material. 


SUPPORTING POWER OF HAMMER-DRIVEN PILES 


17. Theoretical Formula.—Many efforts have been 
made by engineers to derive a satisfactory formula for the 
bearing capacity of piles. These formulas are usually derived 
from a theoretical analysis of all the conditions involved. 
The resistance of the ground is determined by the penetration 
of the pile during the last few blows of the pile driver. 
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Experience has proved that it is practically impossible to 
derive a purely rational formula, on account of the uncer- 
tainty of the conditions. It has been found that the only 
reliable practical formulas are those that, although having a 
theoretical basis, have been modified according to the results 
of experience. 
Let #& = resistance or bearing capacity of a pile; 
s = set of pile, or distance that pile is driven during 
last blow; 
w = weight of pile hammer; 
A = fall of hammer during last blow. 
Then, according to the principles of mechanics, 
IMG = GDI 
and, therefore, R= wh=s 
This is the basis of all theoretical formulas. In this 
formula, R and w are in the same units, such as pounds, 
tons, kilograms; also, 4 must be in the same units as s, 
whether feet, inches, centimeters, etc. If the set s of the 
pile under the last blow is expressed in inches, and the fall 
of the hammer in feet, the formula becomes 
R=12wh+s 
If a factor of safety of 6 is adopted, then 
R=2wh+s 
18. Engineering News Empirical Formula.—On 
account of the extra resistance caused by the settling of the 
earth around the pile between successive blows, the divisor 
in the last formula of the preceding article has been 
arbitrarily increased from s tos + 1 for drop-hammer drivers, 
and to s+.1 for steam-hammer drivers, and the following 
practical formulas have been proposed: 
For drop-hammer pile drivers, 


Ra 2wh (1) 
s+1 
For steam-hammer pile drivers, 
2wh 
= 2 
s+.l1 ey 


Formula 1 is called the Engineering News formula, 
because it was first published by that engineering journal. 
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It has been very extensively adopted, as experience has 
proved that it is as reliable as any formula can justifiably 
claim to be. The uncertainties of pile driving are so great 
that it is useless to attempt to use a more accurate formula. 


EXAMPLE 1.—A pile was driven with an ordinary hammer weighing 
2,400 pounds. The sinking under the last five blows was 22 inches. 
The fall of the hammer during the last blows averaged 28 feet. What 
was the safe bearing power of the pile? 


SoLution.—Here the value of s may be taken as the average of the 
total sinking during the last five blows, or 22+5 =4.4 in. Then, 
w = 2,400 lb.; A = 28; and s = 4.4. ‘Substituting these values in 
formula 1, 

2 x 2,400 xX 28 
Se = 24,889 Ib. : 
R ares 24,889 lb. Ans 

EXAMPLE 2.—Piles are to be driven by a steam pile driver. The 
hammer weighs 5,500 pounds, and its fall is 40 inches. It is required 
that the piles shall be driven until each shall have a safe bearing value 


of 30,000 pounds. What must be the sinking under the final blow? 


Soturion.—In this case # is given, the unknown quantity being s. 
From formula 2 the following is derived: 


Sa a 


R 
In this case, R = 30,000; w= 5,500; and # = 40 in. = 3.33 ft. 
Therefore, 


Hence, the piles should be driven until their penetration for each 
blow is approximately lin. Ans. 


EXAMPLES FOR PRACTICE 
1. A pile is driven by a drop-hammer weighing 2,500 pounds, with 
a fall of 16 feet. The last blow of the hammer drives the pile 1 inch. 
What load will the pile carry safely, according to the Engineering News 


formula? Ans. 20 tons, nearly 


2. It is desired that a pile shall be driven with a drop hammer, 


weighing 3,000 pounds and having a fall of 15 feet, until it shall be 
able to carry safely a load of 24 tons. What, by the Engineering News 
formula, must be the penetration at the last blow of the hammer? 
Ans. .9 in., nearly 
3. A pile, driven with a steam hammer weighing 5,000 pounds and 
having a fall of 42 inches, can safely carry a load of 32,000 pounds, 
What is the penetration at the last blow of the hammer? 


Ans. 1 in., nearly 
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MISCELLANEOUS MATTERS RELATING TO PILE 
CONSTRUCTION 

19. Pile Ends.—The lower end of a pile is usually, 
though not always, dressed down to a roughly conical point. 
Where wooden piles are 
driven in very hard 
material, or in gravel 
and stony ground, their 
points are liable to be 
battered and injured. 
To protect the point, it 
is often provided with 
an iron shoe. Several 
forms of shoes are 
shown in Fig. 5 (a), (0), 
and (c). Itis also neces- 
sary or desirable to pro- 
tect the heads of the 
piles, particularly when 
the drop hammer is 
employed and the fall 
is great. The most common device for this purpose is a 
heavy iron ring surrounding the head of the pile, as shown 
in Fig. 5 (d). The wood may be dressed down to receive 
the ring, but more commonly the ring is adjusted on the flat 
top of the pile and the hammer allowed to 
fall on it, forcing the ring into the wood. 
It is generally considered more desirable 
to use a heavy hammer with a low fall 
than a light hammer with a high fall. 
With high falls, the danger of splitting 
My or breaking the pile or of unduly batter- 
Mi ing and brooming its head is greatly 
N increased. 


(a} 


uf b) (c) 
Fic. 5 


20. Splicing Piles.—When a firm 
subsoil cannot be obtained except at a very great depth 
below the surface, so that it becomes impracticable, if not 
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impossible, to obtain timber piles of the requisite 
length, it may be necessary to splice the piles. 
In general, a splice is some form of joint con- 
necting the ends of two piles. It may be a 
dowel or iron bar about 2 feet long, embedded 
about 1 foot in each pile, as illustrated in Fig. 6. 
A still more secure joint is a band of iron, at 
least 12 inches long and of as great a diameter 
as necessary, to which the ends of both piles 
are fitted. To prevent the possibility of the 
band being jarred either up or down, away from 
the joint, spikes are driven into the piles 
immediately above and below the band, as 
illustrated in Fig. 7. 

When the ground is in a partly fluid state, 
it may have so little stiffness that the jointed 
pile is likely to buckle at the joint, unless the 
splice is made in the form of scarfs, which con- 
sist of six or eight timbers about 3 inches square 
in sectional area and 8 to 10 feet long, spiked to 
the piles, as shown in Fig. 8. Whatever form of 
splice is used, the first or lower pile is driven 
into the ground until its top is but a few feet 
above the surface; then the second pile is spliced 
on and driven in. Of course, the force required 
for driving in a soil so soft that so long piles 
are necessary is correspondingly small. 


21. Cutting Off the Piles.—When a tim- 
ber foundation is to be constructed on piles, it is 
necessary to cut off the tops of the piles to bring 
them to an even horizontal plane, so they may 
properly receive the caps or timbers that rest 
directly on them. When not submerged, the 
piles may be cut off by hand, but it is usually 
more expeditious and economical to do this by 
mechanical power. A circular saw at the end of 
a vertical shaft is commonly employed, the 
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frame that carries the shaft and saw being made adjustable 
in height and attached either to the leads of the pile driver 
or to some part of the platform carrying the pile driver. 
The power to operate the saw may be supplied by the hoist- 
ing engine of the pile driver. Where a concrete foundation 
is to be used in connection with the piles, it may not be 
necessary to cut off the piles, provided that they stand at 
approximately the same height and their heads are not 
so much broomed as to prevent a firm contact between 
them and the surrounding concrete; in all important 
foundations, however, it is generally advisable to cut off 
the piles. 


22. Amount of Driving Necessary.—While it is 
important that piles should be driven to a firm seat and 
bearing in the soil, it is not advisable to overdrive them. 
It is not thought advantageous to continue hammering a 
pile after it has ceased to move about + inch with each 
blow, and many engineers consider a pile sufficiently driven 
when it fails to move more than 1 inch with each blow. 
Piles driven until they will go no farther, or until they move 
but a small fraction of an inch per blow, are said to be 
“driven to refusal.’ 

When piles are driven through clay to an underlying rock 
floor, driving should cease as soon as the point of the pile 
rests solidly on the rock; further hammering may batter the 
point of the pile and lessen its supporting power. 


23. Spacing of Piles.—When a large number of piles 
is required, it is best not to attempt to drive them nearer 
together than about 23 feet from center to center, or about 
one pile to each 6 square feet of ground surface; if driven 
more closely, the great compression of the soil may tend to 
force upwards those already driven. The danger of this 
may be lessened if the center piles of the group are driven 
first and the work proceeds outwards from them. 


24. Followers.—When piles are located in water and 
their heads must be driven below its surface, a short pile 
or timber, called a follower, is set up on top of the piie 
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when its head reaches the surface of the water, and the 
driving continued until the pile is sufficiently driven. 


25. Withdrawing Piles.—It is sometimes necessary 
to pull or withdraw piles already driven, particularly where 
they have been used for the construction of coffer dams and 
similar work. Various devices have been used for the pur- 
pose. For short sheet piling, a powerful lever worked by 
hand is often sufficient; when this is ineffective, powerful 
block and tackle operated by a hoisting engine or other 
power is employed. The force required to withdraw a pile 
is about the same as the ultimate load the pile will support. 


26. Timber Suitable for Piles.—Any timber strong 
enough to withstand driving will have sufficient strength for 
foundation purposes, and if the piles when in place are below 
the surface of the water or are deeply submerged in damp 
earth, they will prove sufficiently durable. But if their tops 
are to be exposed to the air or submerged in water but a 
part of the time, it is necessary to select species of timber 
that are not subject to rapid decay. It is often advisable to 
treat the timber chemically. For not very hard soils, spruce 
and hemlock make good pile material; for harder soils, the 
hard oaks, pines, and elm may be used. 


SHEET PILING 


27. While sheet piling is sometimes employed for 
carrying loads temporarily, its use primarily is to form 
an enclosure around a foundation area to shut out water, 
silt, etc. For this purpose, sawed timbers or plank are 
nearly always used. When strength to support great pres- 
sure is not required, ordinary plank from 3 to 4 inches thick 
will be sufficient. When greater strength is required, square 
timbers may be used, but more frequently two or more 
thicknesses of plank are employed. The purpose for which 
sheet piling is used makes it important that the joints between 
adjoining piles should be as close and as nearly water-tight 
as possible. Several devices for securing this condition are 
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in use, a number of them being shown in Fig. 9. In this 
figure, (a) represents the plain sheet piling, which depends 
for close joints on the care and accuracy with which it is 
driven. In (4) are shown two contiguous rows of piling, 
one row breaking joint with the other; three rows of plank 
are sometimes used, the outside rows being of thinner plank 
than the central or main row. In (c), (a), (e), (4), and (g) 
are shown various forms of “‘tongued-and-grooved’’ sheet 
piling; the object of this construction is not only to make a 


(a) (c) (a) 
SSeS ae eee 
TE mes 
(e) wD (g)* - 
| : 
(h) 
Fie. 9 


tight joint, but also to assist in guiding the piles truly in the 
same plane. The form (d) is very frequently used, the 
tongue and groove being formed by spiking narrow strips 
on the edge of the pile. The form (g) is a patented form 
known as the “Wakefield” pile; its construction is evident 
from the figure without further description. The points of 
sheet piles are usually sharpened to facilitate driving, and 
one side is often sloped, as shown in (/), to cause the piles 
to come into close contact with one another. 
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CONSTRUCTION OF PILE FOUNDATIONS 

28. Whenland foundations are to be carried to great depths 
to reach solid rock or other strong subfoundation, various 
expedients are in use to avoid the excavation of deep con- 
tinuous trenches, which are expensive and often trouble- 
some. The simplest expedient is a pile foundation. The 
depth to which the piles are driven depends on the character 
of the soil and the weight to be carried by the piles. This 
may best be determined by the experimental driving of a 
few piles, though test pits or borings will generally indicate 
pretty closely the probable length required. The true cri- 
terion is the resistance of the piles to movement with the 
last few blows of the hammer (see Art. 18). <A pile founda- 
tion is really a subfoundation, which must be connected to 
the structure by a foundation proper. Two principal methods 
are used for this purpose; namely, by ¢z2mber grillage, and by 
concrete tilling. 


29. Timber Grillage.—A grillage consists of two or 
more courses of timber laid at right angles to each other, 
each course consisting of parallel timbers laid at intervals 
usually not much greater than the width of the timber. 
Grillage is often used as a foundation on a soft-soil sub- 
foundation or on piles. When used with piles, the latter, 

properly spaced, are 

: driven in rows, as 
SBD many rows being 
= placed as are required 


to cover properly the 
foundation area. 
Ws The tops of the 
piles are cut off toa 
horizontal plane as near the earth as practicable, and a line 
of timbers, called caps, are placed on the tops of the piles 
along each row, and are secured to them by drift bolts. 
It is necessary to exercise care to have the piles truly in 
line in the rows, in order that the caps may have a full 
bearing on the tops of the piles. On the caps, and at right 
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angles to them, another set of timbers, spaced from 1 to 
3 feet apart, is placed and drift-bolted to the caps. Several 
‘such courses of timbers may be used if desirable, each being 
placed at right angles to the previous course. This con- 
struction is illustrated in Fig. 10. 


30. Concrete Filling.—In concrete filling, it is not so 
essential that the piles be driven accurately in rows, nor that 
their tops be cut off, if they are all nearly at the same level 
as driven; although, as the tops are likely to be more or 
less battered or broomed by driving, a better connection 
between them and the concrete will be secured by cutting 
them off, or at least by removing the broomed part with axes 
or adzes. This being done, the loose or soft portions of the 
earth are removed so as to give the concrete a good bearing 
on it, and the concrete is deposited between and around 
the piles and carried to a height of at least 1 foot above their 
tops, where it is formed into a level surface for the reception 
of the masonry. 


ORDINARY MASONRY FOUNDATIONS 


31. General Principles and Methods.—The construc- 
tion of ordinary masonry foundations, consisting of super- 
imposed courses of masonry either with or without footings, 
does not present any special difficulty. The required area of 
subfoundation, and the dimensions of the footings, if any, are 
computed by the principles explained in /owndatzions, Part 1. 


32. Excavation: Sheeting.—In many cases, founda- 
tions are carried to a depth just sufficient to secure firm 
material, or to be below the disturbing action of frosi. Fre- 
quently, however, the subfoundation material near the surface 
is unsuitable, or the unusually heavy loads to be carried 
necessitate going down to a strong stratum of material. 

Very deep excavations, even in soils that are tolerably dry 
and firm, are liable to cave in, unless made with very flat 
slopes, or unless the banks are sustained by artificial sup- 
ports. The means of support most commonly employed is 
called sheeting. It consists of a lining of plank held in 
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place by longitudinal stringers, and cross-struts that brace 
one side of the excavation against the other. The method 
of excavating by sheeting is illustrated in Fig. 11, where a,a 
represent the planking, 4, 6 the longitudinal stringers, andc,¢ 
the struts. Between the ends of the struts and the stringers, 
wooden wedges are driven to 
hold the planking tightly against 
the earth wall, or one end of the 
struts is fitted with a jack-screw 
by which any desired degree of 
pressure can be applied. 


303. Base Course.—The 
most satisfactory base course 
for a land foundation is a bed 
of concrete. It is compara- 
tively economical; the mortar 
when placed accommodates 
itself to any irregularities of 
the subfoundation; and, when 
hardened into a monolithic 
mass, the bed has sufficient 
strength to distribute the loads properly and to bridge over 
any soft places in the subfoundation. If the excavated trench 
is cut to accurate dimensions, no forms or molds are necessary 
to hold the mortar in place. 


Fic. 11 


34. Removal of Water.—In all land foundations of 
considerable depth, and in shallow ones in swampy soils, 
more or less water is likely to be encountered, and must be 
drained or otherwise disposed of. Frequently, the quantity 
is so small that it may be removed by ordinary buckets, 
which were probably the earliest devices for the purpose. 
For this reason, doubtless, the removal of water from such 
foundations is called “bailing and pumping.’’ The cost of 
removing water often constitutes a large percentage of the 
whole cost of the foundation. Where the quantity of water 
is large and it must be raised to a considerable height, 
power pumps are employed. 
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TUBULAR FOUNDATIONS 


55. Tubular foundations, called also curb founda- 
tions, are frequently used. They consist of a tube or curb 
of any desired size, either cylindrical or square, built of 
steel, cast iron, or wood. The method of sinking the tube 
is illustrated in Fig. 12, where 4 represents a cylinder built 
of sheet steel. A well, somewhat larger in diameter than 
the tube, is first excavated to as great a depth as possible 
without support for the walls. The cylinder is then placed 
in the well, and the excavation con- 


tinued inside it, the earth being 

removed from under its edge, as <3 

shown, so that the cylinder sinks 

either by its own weight or by 52050666 900000 


loads placed on its top, following 
the excavation downwards to the 
required depth; additional lengths 
are riveted to the top as necessary. 
The friction of the outer surface 
of the cylinder against the earth 
walls increases, of course, with the 
depth, and may limit the depth 
attainable. This friction varies 
from 100 to 150 pounds per square 
foot of surface, depending on the 
depth and the coefficient of friction between the cylinder 
and the material through which it is sunk. When the 
friction becomes so great that the cylinder can be forced 
downwards no farther, a second cylinder, smaller in diameter 
than the first, may be started in the bottom of the excavation 
and sunk in the same way as the first. Any number of 
additional cylinders may be thus used, and the excavation 
carried to any desired depth, provided that the first cylinder 
is made of sufficient diameter. 


86. If too much water is encountered to be conveniently 
handled by pumps, some form of dredge bucket may be used 
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to carry on the excavation. After the tube has reached the 
bed rock or other satisfactory bearing material, it is filled 
with concrete or brick masonry, and a suitable bearing cap 
is placed on its top. A sufficient number of these tubes 
being in place to support the proposed structure, steel beams 
are placed over them, or they are connected by brick or 
concrete arches. Where water is encountered, these tubes 
may be fitted with air locks and sunk by the pneumatic 
process, as will be described further on. Wooden cylinders 
lined with brick were the earliest representatives of this class 
of work, and have been sunk to very considerable depths. 


FOUNDATIONS FOR BUILDINGS 


387. General Considerations.—The construction of 
adequate foundations for the great modern buildings of cities 
presents difficult and peculiar problems, which have devel- 
oped a special class of foundation work. Large cities are 
built on geological formations differing widely in their 
physical characteristics, and, as might bé expected, there 
has been developed in each a general method of foundation 
construction best adapted to its peculiar conditions. The 
characteristic foundation in Chicago, for instance, is different 
from that in New York. Certain general conditions and 
principles are, however, common to all, and a brief consider- 
ation of these is all that can be given here. 


38. The restricted area and the great cost of city real 
estate in the business districts make it necessary that every 
available square foot of each building lot be enclosed and 
utilized for business purposes. The walls of the building 
therefore extend fully to the boundary lines, and their founda- 
tions can be extended only inwards. Even in that direction, 
basement and cellar space is so valuable that it may be given 
up for foundation purposes to such extent only as is abso- 
lutely unavoidable. This scarcity of space and the enormous 
cost of land have led to the construction of exceedingly high 
buildings, and this in turn has resulted in concentrated 
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foundation loads heretofore unprecedented. At the same 
time, the walls of buildings are frail compared with most 
other engineering structures, and any uneven settlement of 
the foundation is liable to result in cracks and disfigurements. 


39. Subfoundation.—To support the enormous weights 
that must be carried, the first and most obvious expedient 
has been to carry the foundation down to solid rock or to a 
stratum of hard pan or compacted gravel having the neces- 
sary bearing resistance. Where this is not practicable, and 
a compressible subfoundation must be used, the aim has 
been to spread the foundation over an ample area, and to 
so distribute it with reference to the varying weights of 
different parts that the pressure per unit area will be as 
nearly as possible the same. To avoid eccentric loading 
of the foundations, various devices have been used, some 
of which will be described presently. 

In cities where compressible subfoundations are used, the 
foundations are placed at a sufficient depth to be below 
the basement, and are spread over a large area. Great care 
is exercised to make the intensity of pressure the same under 
every part of the foundation. 


CANTILEVER FOUNDATIONS 


40. To obviate eccentric loading, and to transfer loads 
from points where support is not practicable to other points, 
steel beams, especially cantilevers, are extensively employed. 
An example of their use is illustrated in Fig. 13, which repre- 
sents the wall of a new steel-frame building placed directly 
against the wall 4 of an old building. If the column f rested 
directly on the foundation a, it would produce eccentric load- 
ing. To provide against this eccentric loading, the cantilever 
beam d is introduced, which transfers the center of pressure 
from c to e, directly over the center of the foundation. This 
example may be regarded as typical of most cases of the 
employment of cantilever beams in foundation work, and its 
conditions may be briefly investigated. 
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Let W = weight on column /; 
R, = reaction of foundation at ¢; 
R, = reaction of column /, to which the cantilever d 


is riveted. 
The meaning of the letters 7 and m is shown in the figure. 
Since the cantilever is in equilibrium under the action of the 


forces W, R,, and #,, we have, taking moments about the 
left-hand end of the cantilever, 
Wil = R,(l—m); 
whence R, = Wl (1) 
l—m 
Taking moments about e, 


whence Rumen (2) 


The cantilever exerts on the column 4 an upward force 
equal to &,, and diminishes the pressure of the column 4 on 
its foundation. It may occur that A, is greater than the 
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weight W’ on column &, in which case the resultant pres- 
sures on the foundation under that column will be negative, 
and the column must be anchored to its foundation to 
prevent its being lifted from its bearing. 


CONTINUOUS FOUNDATION UNDER TWO COLUMNS 


41. While it is desirable, with compressible subfounda- 
tions, that each pier or column should have its independent 
foundation, it may happen that two or more such piers 
On scommmis located i. 2.51 
near each other must 74 ! 
be placed on the same fe 
foundation. In sucha 
case, the important | 
requisite is that the 
resultant of the down- 
ward pressure of the 
two columns shall 
coincide with the cen- 
ter of gravity of the 
subfoundation. If 
the weights on the 
columns are different, 
it is important also that iano 
the foundation shall be Fic. 14 
so designed as to secure an equitable distribution of the 
stresses throughout it. These conditions cannot always be 
secured, but may be approximated. 

With two columns carrying different weights, a trapezoidal 
form of foundation is naturally suggested. Such a founda- 
tion may be designed by the following method: 

In Fig. 14, let 4 B DC represent a trapezoidal foundation 
carrying the two columns £& and F, the distance between their 
centers being 7. Let the weights carried by the columns Z 
and F be W, and W, respectively, W, being the larger. The 
total weight on the foundation being W,+ W.,, if the sub- 
foundation may be safely loaded with s tons per square foot, 


c Pion 
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the required area A will be TA tM The length of the 


foundation should preferably be not less than 2/ nor more 
than 3/7. The widths of the ends of the trapezoid may be 
made proportional to the loads W, and W,. If the width at 
the wide end is denoted by x, and that at the other end © 
by x., then, 


a, _ Wi, 

Xs Wy 
WX; 
whence Kg are 
W, 


If the whole length (altitude of the trapezoid) of the sub- 
foundation is made 2.57, then, 


ya 232 2, sey 1.25 1(.7 + ez) 


W, 
1.25 1,(™ +i), 
W, 


1 


whence a= sce eee 
* 1.25 1(W, + W,) 
Or, since A = Wat Ws Ws 
Ss 
iy, 
* 1257%s°" Bis oe) 
W,x 4W, 
Also, ee 2 
te x W, Bs (2) 


The center of gravity G is determined by one of the 
methods explained in Analytic Statics, Part 2. 

Let the distances EG and F/G be denoted by y, and y,, 
respectively. In order that the resultant of W, and W., 
which is W,+ W., may pass through G, we must have, 
taking moments about &, 

(Wi+ W,) 1 i W, 1; 


W,1 
whence = —_ 
% W,+ W, 3) 
Similarly, 
Wl 
2= ip i= Sen ees 
ri : Wi+W, a 


The distances m, © and m, / can now be easily computed, 
located, and staked out. 
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EXAMPLE.—Suppose that in Fig. 14 the distance between the centers 
of the columns & and F is 8 feet, and the loads are 200 and 150 tons, 
respectively. If the length of the trapezoid is 20 feet and the capacity of 
the subfoundation 1.5 tons per square foot, what is the distance EZ m,? 


SoLution.—To apply formulas 1 and 2, we have W, = 200, W, 
= 100, / = 8, ands = 1.5. Substituting in the formulas, 


4 X 200 s 
_. 4150 
CeCe 


It is found that the center of gravity of the trapezoid is 9.5 ft. 
from AC. 

The distance of & from the center of gravity of the trapezoid is 
found by formula 3: 


= a0 SS 
a 300 + 150 SV Bes ile 


Therefore, Em, = 9.5 —3.43 = 6.07 ft. Ans. 


FOUNDATIONS UNDER WATER 


42, Where the foundation of a structure must be placed 
in water, one of two general methods is followed: either the 
space to be occupied is freed of water, after which the work 
proceeds as on land, or some device for sinking the founda- 
tion through the water is employed. 


COFFER-DAM PROCESS 


43. Coffer Dams.—A coffer dam is a water-tight 
structure enclosing a space from which the water may be 
pumped out, leaving a comparatively dry area on which a 
foundation may be constructed as on dry land. A great 
variety of coffer dams have been devised and used. The 
simplest and most primitive, suitable for use in very shallow 
water, is a bank of earth, clay, or sand, rising above the 
surface of the water, surrounding the area to be built on. 

Next in order is a simple timber structure surrounded by 
a bank of earth. Fig. 15 shows a cross-section of a coffer 
dam of the latter form. A wall of sheet piling is driven 
around the space to be unwatered, the tops of the sheet piles 
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are spiked to a timber, called a wale or waling piece, and 
a bank of earth is then deposited around the outside of 
the structure. 


Fie. 15 


44, A form of coffer dam very frequently used.is illus- 
trated in Fig. 16. It consists of an inner and an outer line 
of sheet piling with waling pieces at the top, tied together 
with iron bolts. Frequently, each wall is composed of two 
or more lines of sheet piling, as shown on the left-hand side, 
the individual piles breaking joint for the purpose of increas- 
ing the strength of the structure, and of making the walls 


Puddle 
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themselves as nearly water-tight as possible. The space 
between the two walls is then filled with earth or other suit- 
able material to exclude the passage of water. This material 
is called puddle. The water may then be pumped from 
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the interior, and, if necessary, additional wales and cross- 
struts, as shown by dotted lines, may be added as the water 
is lowered, to resist ene 

the pressure inwards. S 


45. For use in 
still deeper water, 
particularly where 
there is a strong cur- 
rent, the construction 
illustrated in Fig. 17 _. 
is employed. In this ‘2 
figure, a cross-section 
of one wall is shown. 
Two rows a,a of ordi- 
nary piles, with a 
suitable space be- 
tween them, are first “-@iirsSPineriineo 
driven around the Fic. 17 
area to be enclosed. Wales 4, 6 are then bolted to the sides 
of these piles, the outer lines being placed somewhat higher 
than the inner ones, to support cross-timbers d used for 
carrying a floor or runway. Two rows c,c of sheet piling 
are then driven along 
the inner wales, to 
which the tops of 
the sheet piling are 
spiked. Long boltse, 
extending through 
the outer wales, pre- 
vent the spreading 
of the structure by 
the pressure of the 

Ee puddle. The space 
between the sheet piling is then filled with puddle. 


46. Another typical form of coffer dam is constructed of 
cribwork, as illustrated in Fig. 18. It consists of a wall of 
timber cribwork built of square timbers a,a drift-bolted 
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together at their intersections, and a sheeting of plank 6,5 
spiked to the outer side of the wall. The illustration shows 
the details with sufficient clearness, and no further descrip- 
tion is necessary. 

Coffer dams of this kind may be built on land, launched, 
floated into position, and sunk to the bottom by appropriate 
means. If the sheeting is fairly well seasoned, with dressed 
edges, and the plank is put on with as close joints as possible, 
the swelling of the wood when the structure is placed in the 
water will make the joints practically water-tight. Some- 
times, the timbers a,a are cut half away at the corners so 
that the parallel sticks are in close contact, and the joints 
are then calked to make them water-tight. Cross-timbers ¢, ¢ 
may be put in occasionally to brace the sides of the coffer 
dam against each other. 


47. Design of Coffer Dams.—The two most important 
requisites in a coffer dam are that it shall have sufficient 
strength to resist the pressure of the water on the outside 
when that on the inside is pumped out, and that it shall be 
water-tight. Since the intensity of the pressure increases 
with the depth, not only must the lower parts of the 
structure be made stronger, but greater care must be taken 
to prevent leakage. The total pressure P, in pounds per 
lineal foot, on the side of a coffer dam is found by the 
following formula (see Hydrostatics): 

= set 
in which / is the depth, in feet, of the submerged part of the 
coffer dam. 

The intensity of pressure at any depth /, below the surface 
is 62.54, pounds per square foot, and the center of pressure 
is at a depth of $4, from the surface. 

The stresses on coffer dams and their several parts are 
determined by the application of the mechanics of beams. 
Where main piles are driven, as in Fig. 17, they act as canti- 
lever beams; where the surface material into which they are 
driven is soft, their capacity is decreased, and their strength 
should be figured with a large factor of safety. 
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The sides of the coffer dam may be braced against each 
other as shown in the preceding figures, but too many struts 
of this kind obstruct the laying of the masonry, and it is 
accordingly desirable to use as few of them as possible. As 
the masonry reaches them, they may be cut away and short 
struts resting against the masonry substituted. 


48. The necessary thickness of the wall of puddle will 
usually determine the width of the double walls of the coffer 
dam. No definite rule can be given for the thickness of the 
puddle wall, as it depends so largely on the character and 
efficiency of the puddle material available. It should never 
be less than 4 feet, even in shallow water. An empirical 
rule given in Trautwine’s “Pocketbook” is to make the 
thickness three-fourths of the height, but never less than 
4 feet. This rule seems to give good results with puddle of 
average quality and for moderate depths. For use in water 
12 feet deep, the rule would require a width of 9 feet of 
puddle, which is probably more than most engineers would 
think it necessary to use. 


49. Quality of Puddle.—The effectiveness of a coffer 
dam in excluding water depends not only on the thick- 
ness of the wall of puddle, but also on the quality of the 
puddle itself. Stiff, tenacious clay, capable of being rammed 
into a dense mass, would seem at first thought to be the most 
desirable material. It is often used with success, but it has 
the defect that, if the water once penetrates it ina stream, how- 
ever small, the current will continually enlarge the opening, 
the stiffness of the clay preventing it from falling into and 
closing the channel. Experience has shown that a mixture 
of gravel, sand, and clay makes the most effective puddle 
material, the clay being barely sufficient in quantity to fill 
the voids in the gravel and sand. Jf from any cause a rill of 
water should start through a mass of this material, the 
gravel and sand will cave into the channel and close it up 


effectively. 


50. Water-Tightness of the Structure.—When the 
coffer dam is complete, pumps are put in operation to 
Ti y 36 
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remove the water from its interior. This affords the first 
test of the water-tightness of the structure, and, if it is not 
satisfactory, the leaks must be looked for, and such expe- 
dients as the conditions suggest must be applied to stop 
them. It will seldom be found that a coffer dam is perfectly 
tight, but, if the leakage is not too large to be controlled by 
the pumps, the latter may be kept in operation and the water 
thus kept down so as to permit the construction of the 
foundation. 


51. Several forms of interlocking steel sheet piling are 
now available, and are particularly valuable for coffer-dam 
work. This piling has a much greater strength than wood 
piling; the interlocking feature insures a practically water- 
tight joint between adjoining members; and, although its 
first cost is much greater than that of wood, it may often 
prove more economical, particularly in deep water. 


52. Deepcoffer dams, exposed to great pressure of water, 
require special care to make them water-tight. Even if the 
walls do not leak, the water may be forced under them or 
through the soil beneath them, unless the sheet piling extends 
to a considerable depth and the separate piles are driven in 
close contact with one another for their whole length. To 
secure the latter requisite, some form of tongued-and-grooved 
sheet piling is generally used, as described in Art. 27, and 
it is driven, if possible, to the rock or other hard and imper- 
vious material which is to form the subfoundation. Even 
then the water may rise through subterranean passages or 
thrcugh fissures in the rock in such quantities as to be very 
troublesome. Such cases must be dealt with as the condi- 
tions and possibilities suggest. Sometimes, a leak may be 
totally or partly stopped by depositing a bank of puddle 
around it of sufficient width to blanket and close off any 
water passages in the near vicinity of the work. 


53. Dredging.—If the stratum it is proposed to use for 
subfoundation is overlaid with soft and pervious material, 
the whole area to be occupied by the coffer dam is often 
dredged away before the coffer dam is built. Where crib 
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coffer dams like that shown in Fig. 18 are used, they may 
often, after they are in place, be sunk to a considerable depth 
by dredging out the interior, allowing the coffer dam to sink 
by its own or by added weight. This method is similar to 
that used for sinking crib foundations, which will be described 
further on. 


PNEUMATIC PROCESSES 


THE USUAL PROCESS 
04. General Description.—The carrying of founda- 
tions to great depths under water or in water-bearing soils 
involved very serious difficulties until the development of the 
pneumatic process. By the aid of this process, founda- 
tions are now carried to depths as great as 100 feet below 
the surface with safety and the certainty of success. This 
process utilizes air pressure to facilitate the sinking of a 
foundation structure, called a caisson, through the soil, 
to bed rock or other hard subfoundation; the proposed 
structure is built up on this caisson. In the earlier pneu- 
matic foundation work, a partial vacuum was created in 
the closed caisson, and the difference of pressure between 
the outer air and that in the caisson was utilized to force the 
latter into the ground. This vacuum process is now seldom 
used, and need not be further considered. 


55. At present, compressed air is used principally to 
counteract the pressure of the water, and prevent the latter 
from flowing into and filling the caisson. The principles 
involved and the practical working of the process can best 
be explained by reference to the illustration in Fig. 19, which 
shows a vertical cross-section through the caisson. The 
caisson itself may be likened to a box without a lid, placed 
upside down. Its sides are formed of several thicknesses 
of heavy timbers tied together with screw and drift bolts, the 
bottom part being of triangular shape, forming a sharp edge, 
called the cutting edge, which is usually shod with iron. 
The cover, called the deck of the caisson, is formed of 
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several, often a dozen or more, courses of timbers crossing 
each other at angles usually of 90°, and the whole is 
thoroughly tied together with bolts. In large caissons, one 
or more trusses or partitions crossing from side to side 
give the structure additional strength and stiffness. The 
interior open space is called the working chamber. ‘The 
walls and roof of this chamber are made as nearly water- 
tight and air-tight as possible by lining them with courses 
of plank, the joints between which are calked with oakum 
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and pitch. On the deck is usually, though not always, 
constructed a water-tight enclosure DD, called the coffer 
dam, the object of which is to permit the laying of the 
masonry below the surface of the water, if found desirable. 
This coffer dam may be but a few feet in height to 
protect the laying of the first few courses of masonry, 
or it may be carried to the full height of the surface of 
the water when the caisson has reached its permanent posi- 
tion. Through the deck, communicating with the working 
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chamber, are inserted a number of large tubes or shafts 
built of steel plates, which are carried up as the sinking of 
the caisson and the building of the masonry progress. 
The most important of these shafts is called the air-shaft, 
which is used for the entrance and exit of the men to and 
from the working chamber, and sometimes for the bringing 
out of excavated material. Two or more such air-shafts 
may be provided in large caissons. Situated in the air-shaft 
is the air-lock, the use of which will be explained presently. 
Other tubes and pipes are for the forcing out of water and 
semifluid excavated material, or for conveying concrete and 
other materials into the working chamber. 

Referring to Fig. 19, A,A,A represents the caisson 
structure; AB is the working chamber, and C is the air-shaft. 
These air-shafts are constructed with differing details, but 
the principle involved is the same in all. 

The principle of the air lock will be understood from 
Fig. 19 (a). The lock consists of a chamber c separated 
from the upper and lower portions of the air-shaft by doors a 
and 4, which are fitted to close air-tight. The air press‘re 
in the working chamber and in the lower part of the air-shaft 
may be from 10 to 40 pounds per square inch higher than 
that in the upper part of the air-shaft, which is in open com- 
munication with the atmosphere. A man wishing to enter the 
working chamber passes down the air-shaft through the upper 
door of the air lock, the lower door being closed. When he is 
inside the air lock, the upper door is closed, the compressed 
air from below is slowly admitted into the lock through 
valves for the purpose, and when the pressure in the lock 
has become equal to that in the working chamber, the lower 
door is opened and the man continues his descent. If he 
wishes to return, the operation is reversed: the upper door 
being closed, the lower one is opened; he enters the lock 
and the lower door is closed; the lock is then connected 
through valves with the atmosphere; the compressed air in 
the lock escapes until the pressure is the same as that out- 
side, when the upper door is opened and the man continues 
his ascent. 
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56. Sinking the Caisson.—Pneumatic caissons may 
be used either on land or in water. If for use in water, the 
structure may be built on land, launched when completed, 
floated to the site, and moored into the exact position where 
it is to be sunk. Mooring or guide piles are usually driven 
to control its sinking until it rests on the bottom. The 
laying of masonry on the deck is begun, and, as it pro- 
gresses, the additional weight gradually sinks the whole 
structure until it rests on or sinks into the clay, sand, or 
mud of the bottom. The operation of further sinking the 
caisson isconductedas follows: When the walls of the caisson 
have penetrated the bottom material so as to seal the working 
chamber, air is gradually forced into it through a pipe pro- 
vided for the purpose, driving out the water either under the 
walls of the caisson or through pipes passing upwards 
through the deck. The air pressure being maintained, the 
water is prevented from reentering the chamber, and the 
laborers descend through the air-shaft and begin the work of 
excavation. During this time, the building of the masonry 
has continued, the increasing weight being partly supported 
by the pressure of the air below and partly by the material 
under the edge of the walls of the caisson. As the excava- 
tion progresses, the material being removed from under the 
edge of the caisson sides, and the weight of the masonry on 
top of it increasing, the whole structure gradually sinks until 
the rock or other hard material is reached, the air pressure 
employed increasing with the depth so as to balance the 
water pressure from without. 


57. The material to be excavated within the working 
chamber may be handled with picks and shovels, or by any 
of the other usual methods. If large boulders are encoun- 
tered or if the caisson strikes solid rock on one side before the 
other, blasting may be employed. 

Some care and skill are required to guide the caisson and 
keep it level. Various devices have been successfully used 
to move the structure horizontally even after it has been 
deeply buried. If from any cause it gets out of level, the 


8 47 FOUNDATIONS 87 


material is excavated more freely from under the cutting 
edge of the high side, or the load on that side is increased 
to force it down more rapidly. 


58. Removing Excavated Material.—Formerly, the 
excavated material was carried out through the air-shaft, but 
in the more recent work only rock, boulders, and such 
material are removed in this way. Sand and ordinary gravel 
are forced out through a pipe, called a sand lift, passing up 
through the deck of the caisson and through the masonry, 
its lower end reaching to the floor of the working chamber. 
The excavated material, mixed with water to make it semi- 
fluid, is deposited around the mouth of this pipe, and the 
compressed air forces it in a continuous stream upwards 
through the pipe, which carries and discharges it wherever 
it is to be disposed of. 


59. Another very 
effective device for remov- | 
ing mud and sand is the 
mud-pump, which works 
on the principle of the 
common ejector. The 
current of water to operate it is supplied by powerful pumps 
outside the caisson. One form of mud-pump is illustrated 
in Fig. 20. It consists of an outer shell aaa, having an 
inlet 6 and an outlet c, the latter having a conical throat d. 
Entering the shell opposite this outlet is a pipe ¢, with its 
open end or nozzle terminating in the throat of the shell. 
The other end of this pipe is connected to a flexible pipe 
or hose, which may be moved about as required. When a 
stream of water under considerable pressure is forced 
through the pipe e, it escapes with high velocity through 
the pipe c, creating a partial vacuum in the shell aaa, by 
which the material is drawn in through 4, carried forwards 
into the forced current of water, and discharged as in the 
sand lift previously described. The material fed to the 
mud-pump must be broken up or pulverized and mixed with 
sufficient water to make a semifluid mud. 
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60. Finishing the Foundation.—When the caisson 
has been carried down to the rock or other hard material on 
which it is designed to rest, and its cutting edge is firmly 
seated thereon, the working chamber is filled with concrete, 
or sometimes with sand, the shafts and tubes are filled and 
closed, and the foundation is complete. 


61. General Remarks.—The caisson method of sinking 
foundations is now considered more satisfactory, efficient, 
and economical than any other for large foundations that 
must be carried to depths of 40 feet or more. Its application 
is limited, however, to depths of about 100 feet below the 
surface of the water, as the human system cannot endure air 
pressures due to greater heads. Formerly, the sickness and 
mortality among laborers made work in the working cham- 
ber a dangerous occupation. The caisson disease, as the 
peculiar disease caused by this work is called, was not then 
well understood. With proper hygienic care, it is now of 
infrequent occurrence, and seldom fatal. 

When the working chamber reaches such a depth that the 
air pressure is more than two atmospheres, laborers can work 
only a limited length of time; and when the depth is over 
90 feet, they should not be exposed to the pressure for more 
than 2 hours at a time, nor for more than two such periods, 
or ‘‘shifts,” in each 24 hours. 


62. The pneumatic-caisson process may be used also on 
land, when underground water makes any other process 
difficult or ineffective. The procedure is essentially the same 
as previously described. 

The plant required for the pneumatic-caisson process is 
rather extensive. It embraces a complete outfit of boilers, 
powerful air compressors, and force pumps, together with 
the usual outfit for laying masonry and disposing of excavated 
material. In marine work, this plant is usually placed on 
barges moored around the work. 


635. It is impossible to compute, in advance, with any 
degree of accuracy, the quantity or weight of masonry 
that will be necessary to force the caisson downwards, 
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as the conditions are likely to vary in different cases. The 
forces that resist the downward movement are the air pres- 
sure in the working chamber and the friction of the sides of 
the caisson on the walls of earth through which it passes. 
The air pressure required to keep the chamber free from 
water is somewhat less than that required to balance the 
column of water above the cutting edge, because of the fric- 
tion of the water in passing through the material directly 
under the cutting edge. The friction of the caisson on the 
earth surrounding it appears to vary within very wide limits, 
but it is usually much less than the ordinary friction between 
wood and clay. The presence of water between the two sur- 
faces, and the escape of more or less air, which naturally 
follows up along the side of the caisson, tend to reduce 
greatly the usual coefficient of friction. The records show 
that this frictional resistance may vary from 3800 to 600 
pounds per square foot of the exposed surface of the 
caisson. 

The rate of sinking also varies with varying conditions, 
but mainly with the speed with which the material may be 
excavated in the working chamber and disposed of. If the 
caisson can be lowered 12 feet per day, working 24 hours, 
this may be regarded as good progress. 


OTHER PNEUMATIC PROCESSES 


64. Pneumatic Piles.—When the expression jneu- 
matic toundattons is used, the system just described is 
usually referred to, unless otherwise stated. However, 
other pneumatic methods, some of them older than the one 
prevailing now, are sometimes used. The name pneumatic 
piles is commonly applied to hollow cylinders sunk by the 
pneumatic process. The cylinders may be of any desired 
diameter, and may be made of riveted sheet metal, or of 
cast-iron rings or segments with inside flanges to bolt them 
together. The cylinders are similar in all respects to the 
tubes described in Art. 35, except that they are provided 
with air locks, which are placed near the bottom of the tube, 
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as this position offers the advantage that additional sections 
can be added to the top of the cylinder as it sinks, without 
disturbing the air lock. The bottom of the cylinder is 
usually provided with a stiffened cutting edge, and is flared 
out slightly to make a space in the clay somewhat larger 
than the body of the cylinder, in order to reduce the friction 
against its sides. Other details, and the method of sinking, 
do not differ materially from those of the pneumatic caisson. 
The filling of the cylinder with masonry is not begun 
until the cylinder has 
been sunk to its final 
position; then  suffi- 
cient concrete is 
placed in the bottom 
to séal it against 
water, the air lock is 
removed, and the re- 
mainder filled in the 
open air. 


65. It will be 
observed that these 
cylinders have not, as 
has the pneumatic 
caisson, the weight 
of the superimposed 
masonry to force 
= them down, and diffi- 

Fic. 21 culty is sometimes 

experienced in caus- 

ing them to sink as rapidly as the material inside is 
excavated. Heavy weights may be placed on the top of 
the cylinder to assist in forcing it down, or the vacuum 
process may be employed to facilitate the sinking. If the 
friction is great and the cylinder fails to sink, a door opening 
upwards in the air lock may be closed and the air pumped out 
to form a partial vacuum in the cylinder, when the greater air 
pressure on the top of the air lock will force the cylinder down. 
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66. Water Column.—Another modification of the 
pneumatic-caisson process, formerly much used, relates to 
the method of removing the excavated material. Its prin- 
ciple will be understood by referring to Fig. 21, in which 
AAA is the caisson and B the air-shaft, with its air lock for 
the ingress and egress of the workmen. <A well, or water 
column, C extends through the caisson to a depth a little 
below the plane of the bottom of the caisson. This well is 
filled with water to a sufficient height to balance the air 
pressure in the working chamber. The excavated material 
is piled around the well, into which it flows; it is then 
removed by some form of dredge like the common clam- 
shell bucket. The superior capacity and greater economy 
of the sand lift and the mud-pump, as now developed, for 
the removal of excavated material is such that the water- 
column method which formerly was much used, is not exten- 
sively used at present. 


RIPRAP FOUNDATIONS 


67. Simple Riprap Foundations.—Among the 
methods used to place foundations in water without freeing 
the site of water, riprap foundations are the most simple and 
primitive. Riprap is a name applied to a mass of broken 
rock deposited at random, or with little or no attempt at 
regular arrangement. Its use is commonly restricted to the 
protection of river banks or insecure foundations from 
erosion or undermining, but many foundations for bridge 
piers have been constructed with this material. Masses of 
rock as large as can be conveniently handled are thrown 
overboard from barges until a pile is accumulated reaching 
to, or nearly to, the surface of the water and having a top area 
considerably larger than the base of the pier. The surface is 
rudely leveled off with smaller fragments, and the masonry 
begun without further preparation. Settlement, sometimes 
irregular, will occur as the masonry progresses; this may be 
partially corrected by varying the thickness of a course of stone. 
Later, additional riprap may be deposited, enlarging the mass 
and building it up a few feet around the base of the pier. 


42 FOUNDATIONS § 47 


68. Riprap foundations are, of course, very crude, and 
are not to be recommended, but it is nevertheless a fact 
that many railroad and highway bridges in the United 
States rest on such foundations, and that the percentage 
of failures has been small. In time, the currents of water 
wash gravel and soil into and fill the cavities between the 
masses of stone, thus forming comparatively solid and 
strong masses. Where rock is plentiful, these foundations 
are comparatively inexpensive, as they require no costly 
plant and only the crudest engineering skill. 


69. Rock-Filled Timber Crib Foundations.—Tim- 
ber cribs filled with riprap may be considered the next step 
in advance of simple riprap foundations. In these, a wooden 
house-like structure, without floor or roof, is built of round 
logs or squared timbers, floated into position, sunk, and 
filled with broken rock, the masonry resting on its top. The 
cribs are often built of round logs notched or flattened at the 
ends and intersections and secured together by drift bolts. 
The timber part of the structure must be permanently below 
the water; otherwise its top will soon decay. Sometimes the 
cribs are constructed with a close floor of timber or plank, 
but as a rule this is unnecessary. 

Foundations of this kind have the advantage of cheapness 
where timber is plentiful and rock scarce, since, their sides 
being vertical, less rock is required. Besides, they offer 
less obstruction to navigation. 


OTHER METHODS OF BUILDING FOUNDATIONS 
UNDER WATER 


70. Open-Caisson Foundations.—The term caisson, 
as used in foundation work, is now commonly applied to any 
movable box-like structure having one open side and used to 
exclude the water from a foundation during its construction. 
In open-caisson foundations, the open side of the box is 
up; in pneumatic caissons, it is down. The open caisson is 
a water-tight box sunk in the water until its bottom rests 
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on the bed of the body of water, the masonry being built 
within and directly on its bottom. This description is gen- 
eral; in practice, many modifications of form and many 
methods of construction and operation have been employed. 

The caisson is usually a very large box, whose horizontal 
dimensions are a few feet larger than the designed base of 
the masonry structure, whose bottom is strong enough to 
resist the upward pressure, and whose sides are able to 
resist the lateral pressure of the water when sunk to the 
desired depth. The floor is composed of one or more 
courses of timber laid closely side by side. If two or more 
courses are used, the timbers in alternate courses cross each 
other at right angles, the joints being calked or otherwise 
made water-tight. The plan for the construction of the sides 
depends largely on the depth and the pressure of water 
to be provided against. 

The caisson may be built on land, launched, and floated to 
and securely moored into its correct position, and the laying 
of masonry begun on its floor. The caisson is thus soon 
sunk to its permanent position on the bottom, and the con- 
struction of the masonry continued until its top is above 
the water, when the sides of the caisson, being no longer 
needed, may be removed. 


71. Combined Crib and Grillage Foundations. 
Where timber is plentiful and cheap, the submerged founda- 
tion may be constructed of it wholly, and the structure may 
be a combination of the grillage and the crib. The bottom 
courses may be built of timbers packed closely together to 
secure a large bearing area, and the top courses of similar 
construction to form a close platform for the masonry. In 
the intermediate courses, the timbers may be spaced with 
reference only to their strength to resist crushing due to the 
weight on them; and this part of the structure may resemble 
a grillage with large open spaces, which may or may not be 
filled with broken rock. Such a foundation is simply a large 
timber platform resting on the bettom, with its top approach- 
ing as near as desired to extreme low-water surface. It is 
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handled and built on in very much the same manner as 
described for the open caisson. 


72. Preparation of the Bed or Subfoundation. 
The foundations described in Arts. 67, 69, 70, and 71 
have been spoken of as simply placed on the bed of the 
stream, which is assumed to be sufficiently level and firm 
for the purpose in its natural condition. This is, however, 
not always the case. The bottom may be uneven, or it may 
be composed of sand or silt, which, under the action of 
strong currents of water, may be undermined, allowing the 
foundation to be impaired or destroyed. Dredging is there- 
fore often employed either to level the bottom or to excavate 
a pit into which the foundation may be sunk to such a 
depth below the bed of the stream that it will be, in a 
measure at least, secure from undermining. In some cases, 
crib and open-caisson foundations have been sunk to very con- 
siderable depths in sand and silt, by pumping or otherwise 
excavating the material from underneath the foundations 
through openings or shafts for the purpose, the foundation 
being forced downwards into the cavity by its own weight 
and that of the partly constructed masonry on it. In this 
way, crib foundations have been sunk to depths of as much 
as 80 feet below the bed of the stream. 


73. Tubular Foundations.—Tubular or cylinder foun- 
dations, as described in Art. 35, are frequently employed in 
water, the material being excavated from their interior by 
dredging. This method, or some modification of it, is prac- 
tically the only one available where the depth that must be 
reached is very great, since the pneumatic process is not 
applicable to depths much exceeding 100 feet. 

The foundations of the Hawkesbury bridge in Australia 
rest on a bed of compact gravel 185 feet below the surface 
of high water. They were sunk into place by a combination 
of the cylinder and open-caisson processes. The work could 
have been done by no other known method. 

Single cylinders, in this process, are usually from 6 to 
12 feet in diameter. A single one of these cylinders may 
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be capable of carrying the required load, but because of its 
small diameter it will lack lateral stability. For this reason, 
a group of two or more are sunk near each other, and their 
tops are connected with steel bracing. The cylinders, when 
sunk to the proper depth, are filled with concrete, or some- 
times with gravel, iron caps being placed on and bolted to 
their tops, and the structure built on these caps. 


74. Combination Pile and Cylinder Process.—A 
form of foundation used quite successfully for bridge piers 
is known as the Cushing pile foundation. Piles are first 
driven as close together as practicable, the outline of the 
group being a circle of the desired diameter. The piles are 
cut off just below low water, so that they will always be sub- 
merged. A cast-iron or steel cylinder of the required diam- 
eter is then lowered over and around the group of piles, and 
forced into the soft material of the bottom as far as possible, 
usually not less than 10 feet. The water is then pumped out 
and the vacant spaces around and among the piles are filled 
with concrete. The process is then completed as described 
in the last article. 

The piles give the foundation bearing power and lateral 
stiffness, while the steel cylinder, in addition to adding to the 
strength of the structure, protects it from external injuries. 
Groups of such individual structures may be employed if 
necessary. 

Tubes used in foundations have been spoken of as cylinders, 
and they are usually of that form; but they may be square or 
elliptic, and have been so made. 


75. Pile Foundations Under Water.— Where the 
material of the bed of the body of water will permit it, pile 
foundations may be used. A system of properly located and 
spaced piles are driven, the length of the piles being prefer- 
ably such that, when the driving is completed, their heads 
will be above the surface of the water. They are all then 
cut off to a level plane by a circular saw mounted on a verti- 
cal shaft. A timber caisson whose bottom is a platform 
made of two or more courses of timbers is then floated and 
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moored into exact position and sunk as heretofore described 
for open caissons, so as to rest on the tops of the piles. 
To prevent erosion around the piles and under the structure, 
riprap may be deposited around the caisson when the latter 
is in place. 


76. Concrete Foundations Under Water.— Since 
hydraulic concrete sets or hardens perfectly under water, it 
is a most valuable and economical material for use in the 
construction of subaqueous foundations. With reasonable 
care, the freshly mixed concrete may be deposited without 
injury in water of great depth. If dumped loosely into the 
water and allowed to sink through it, the mortar will be 
washed out of the stone or gravel, and its usefulness will 
be destroyed. Several methods are employed to avoid this, 
the principal of which are as follows: 

1. The concrete may be placed in partly filled, loosely 
woven cloth bags, the bags protecting the concrete while 
passing through the water. These bags, unopened, are placed 
by a diver in regular order in the foundation, being built up 
very much as blocks of stone in masonry. Sufficient mortar 
exudes through the material of the bags to cement them 
firmly together when in place. 

2. Specially designed covered boxes or buckets having 
at their bottom a gate that may be opened by pulling a line, 
or that opens automatically when the bucket reaches the 
concrete already laid, are used. ‘These buckets are handled 
by a derrick. When filled and closed, they are sunk through 
the water at the spot where the concrete is to be deposited, 
the gate is opened and the concrete thus deposited in quiet 
water in such a manner that the materials are not separated. 
This method is very expeditious and satisfactory and is 
largely employed. 

3. A wood or metal tube, called a chute, long enough 
to reach from the floor of the foundation to a convenient 
distance above the surface of the water, is used. The con: 
crete is filled into the top of this tube and thus conveyed to 
the point where it is to be deposited, the tube being moved 
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about as required to deposit the concrete regularly. If the 
tube is kept constantly full of concrete, water is excluded 
and the concrete may be thus put in place without injury. 


FREEZING PROCESS FOR FOUNDATIONS 


77. A process for sinking foundations through quick- 
sand or semiliquid earth, called the freezing process, 
was invented by F. H. Poetsch, of Austria, and is therefore 
sometimes called the Poetsch process. It is substantially 
as follows: 

The space to be excavated is surrounded by a series of 
vertical pipes sunk by the water-jet process. Each such 
pipe has a smaller pipe inside of it. The outer pipe is 
closed at its lower end, while the inner pipe is open at its 
lower end, and does not exactly reach to the bottom of the 
outer pipe. The several outer pipes are so connected that, 
when a refrigerating fluid is forced downwards through the 
inner pipe, it ascends through the space between the two 
pipes, is conducted thence to the next inner pipe, and is 
thus forced to circulate through the whole system of pipes. 
The refrigerating liquid is first reduced to a temperature 
much below the freezing point of water by apparatus 
similar to artificial-ice machines. The material around and 
between the pipes is, in time, frozen into a solid mass, which 
acts as the wall of a coffer dam in excluding the water or 
semiliquid mud from the space where the foundation is to be 
built. The material may then be excavated by ordinary 
methods. The process is necessarily slow and very expen- 
sive, but it has been successfully employed in a few cases 
where all other expedients had failed. 
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RETAINING WALLS 


DEFINITIONS 


1. Retaining walls are employed to hold the face of a 
bank in position, thus preventing it from sliding and caving. 
Specifically, a retaining wall is a wall built to hold in place 
a filling or backing of earth deposited behind it after the 
wall has been built. . 


2. The bottom of a retaining wall is called the foot of 
the wall. The front and back sides of the foot are called 
the toe and heel, respectively. b e 
In Fig. 1, ef is the foot of the 
wall W; @ is the toe, and ¢ the heel. 


3. A vertical wall is a wall 
in which both the front and the 
back are vertical. 


4, Sea walls, or wharf 
walls, are masonry walls built 
along the water front. They sus- 
tain a pressure of earth from the 
back and take the wash of the 
water at the face. They are often 
required to support building walls, 
as in the case of ferry houses and 
wharf sheds, in which case they are subjected to considerable 
pressure from heavy cargoes. 


5. <A face wall is the same as a retaining wall, with the 
exception that the term is usually applied to a wall built 
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against the vertical face of natural earth formed by an exca- 
vation. The earth, being in its natural condition, is firm and 
solid, and is not so likely to slide and cave as filling. 


6. Buttresses are piers of masonry built at intervals on 
the face of a wall, as a,a, Fig. 2. They are usually thicker 
: at the bottom than at the 
top, and are employed to 
reinforce the wall by add- 
ing to its stability, and to 
prevent bulging. At pres- 
ent, buttresses are little 
used. 


7. Counterforts are 
projections or buttresses 
placed at the back of a 
wall, to supply additional 
weight in order to resist the overturning of the wall. Their 
utility is doubiful when built in connection with solid walls; 
but, when used with walls of reinforced concrete, they serve 
to tie a wide base to a thin-faced wall, so that the weight of 
the filling assists in maintaining the stability of the wall (see 
Fig. 3). 


8. The terms filling and backing are understood to 
mean loose earth, gravel, 
or sand dumped to fill 
in an excavation back of 
a retaining wall. 


9. Surcharge is 
that part of an earth em- :: 
bankment that is above 
the level of the top of **” 
the retaining wall. The 
earth shown in section at abcd, Fig. 1, is the surcharge. 
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10. Land ties are tension bars or wire-rope guys secured 
to the back of a retaining wall and carried through the earth 
to masonry, large stones, plates, or timbers embedded in the 
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earth or filling, to which they are fastened. Any stone, 
plate, or timber used for this purpose is called a dead man. 
Land ties are never used in new work of good construction; 
they are a makeshift used principally to secure an old wall 
that shows signs of failure. Even for this purpose their 
usefulness is questionable. 


STABILITY AND DESIGN OF 
RETAINING WALLS 


CAUSES OF FAILURE—COEFFICIENT OF FRICTION 


11. Aside from the possible failure due to the settlement 
or upheaval of the foundation from softness of the supporting 
soil, or from frost or other cause (and this should be consid- 
ered as failure of the foundation rather than of the wall itself), 
retaining walls may fail in three ways; namely, by overturn- 
ing, by bulging in a vertical plane, or by s/zding laterally. 


12. Moment of Stability.—The moment of stability 
of a retaining wall is the moment of the weight of the wall 
about its toe, and is obtained by multiplying the weight of 
the wall by the distance from the toe to a vertical line passing 
through the center of gravity of the wall. 


13. Overturning.—The overturning of a retaining 
wall—the most likely cause of failure—occurs whenever the 
moment of the pres- 
sure of the earth about 
the toe is greater than 
the moment of sta- 
bility of the wall. 
Fig. 4 (a) illustrates 
the tendency of the 
wall to turn about its 
toe c. Referring to og Fie. 4 
Fig. 4 (4), the pressure of the earth is represented by /, 
its direction being shown by the arrow, and its point of 


4 RETAINING WALLS § 48 
application, or the location at which it acts against the 
wall, being denoted by a. The force P tends to turn the 
wall about the toe c. In order that this tendency may be 
counterbalanced by the weight W of the wall, the moment 
of P about the toec must not exceed the moment of W about 
the same point; that is, PXcd must not be greater than 
WX ce, and the greatest value that P can have, consistent 
with the stability of the wall, is that obtained from the 
equation xX ¢d = Wee. 


14. Bulging.—The bulging of a retaining wall, as 
shown in Fig. 5, will occur when the top and bottom of 
the wall are held in place, as, for instance, in a cellar wall 
or in the wall of an area supported at the top by arches 

4 abutting against the wall, as 
shown ata. Bulging is likely 
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to occur when the wall is thin, 
the point of greatest bulge 
usually being at about one- 
third the height from the 
footing, as at 4; it is also 
sometimes caused by dump- 
ing the filling against a green 


wall—that is, a wall in which the cement or mortar has not 
had time to set properly. 

A slight bulging in a retaining wall is not a serious matter, 
and need not be considered dangerous unless it exceeds 
+ inch for each foot in thickness of the wall at the point 
where the greatest bulging occurs. 


15. Sliding occurs where the wall is sufficiently heavy 
and wide at the base to prevent overturning, but where, 
owing to the nature of the soil or the design of the footings, 
the friction between the base and either the footing or’ 
the soil is not sufficient to prevent a lateral movement 
of the wall. A wall is liable to fail by sliding in any hori- 
zontal joint, but, as the mortar has considerable adhesive 
value, any lateral movement that may occur is more liable 
to be between the masonry and the soil. 


§ 48 RETAINING WALLS 5 


16. Coefficient of Friction and Angle of Repose. 
The subject of sliding friction is fully treated in Analytic 
Statics, Part 2, and here it will be sufficient to give the values 
of the coefficient of friction f and angle of friction or of 
repose Z, for the materials most commonly used in the 
construction of retaining walls. As explained in Analytic 
Statics, f = tan Z. 

Table I gives the coefficients of friction and angles of 
repose between different classes of masonry and between 
the soil and masonry for different conditions. 


TABLE I 
COEFFICIENTS OF FRICTION AND ANGLES OF REPOSE 


| 
Coefficient| Angle of 
of 


Material Repose 

Friction | Degrees 
HIne-cit eranite. On same, Gry << «5. 2 lias « .60 31 
Fine-cut granite, on rough-pointed granite, dry . 65 33 
Rough-pointed granite, on same, dry ...... .70 35 
Well-dressed soft limestone, on same, dry... . “75 By) 
Goncretenblocks, on same; dry =. 22038: s doe 8 65 33 
Concrete blocks, on fine-cut granite, dry .... .60 31 
Common prick, ONSSAMeNdry 2 .-. 3. ss ea 6 65 33 
Common brick, on well-dressed soft limestone, dry 65 33 
Common brick, on well-dressed hard limestone, dry .60 Ba 
Common brick, onsame, with slightly damp mortar Arlt 3a 
Hard brick, on same, with slightly damp mortar Pye) 35 

Hard limestone, on same, with slightly damp 

AHOLULEE Cure aT Ree hee, lg leashes a 8 ee 65 33 
Common brick, on same, with fresh mortar... .50 2Y 
Well-dressed granite, on same, with fresh mortar .50 27 

Granite, roughly worked, on dry sand and gravel |.50to .60 | 27 to 31 

Granite, roughly worked, on wet sand ..... .35to.45 | 19 to 24 
Granite, roughly worked, on dryclay ...... .50 27 
Granite, roughly worked, on moist clay ..... 35 19 


The coefficients of friction of other classes of masonry on 
various soils may be taken the same as those given for 
granite in the table. 

The coefficient of friction can hardly be given more exactly 
than within .05; slight differences in the conditions of the 
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materials or surfaces, which may not be perceptible to the 
ordinary observer, may make a very noticeable difference 
in the coefficient of friction. With mortar joints in masonry, 
the real coefficient is probably that between each of the 
courses of the stone and the mortar of the joint, with only 
a slight friction between the stones where they may be 
brought lightly in contact with one another at isolated 
points. The effect of moisture on the coefficient of friction 
is very well illustrated by a comparison of the coefficients 
for two surfaces of common brick in contact, as given in 
Table I: if dry, the coefficient is .65; if with slightly damp 
mortar, it is .75; while with fresh wet mortar, it drops to .d. 
As a rule, a slight dampness increases the friction, while 
saturation decreases the friction very materially. Clay is an 
exception to this rule: in it the friction is reduced by even a 
small amount of moisture. 


TABLE II 


COEFFICIENTS OF FRICTION, ANGLES OF REPOSE, AND 
WEIGHTS OF EARTHS 


Material ast ri ee aaa 
Degrees Cubic Foot 
Mixed earth, dry . -70 35 95 
Mixed earth, damp .80 39 115 
Mixed earth, wet . .40 22 IIS 
Sans OLVe. es 165 33 110 
Sand Wely Ge cs 05 5 125 
oat, dey <: 2%. ™. .70 a5 75 to 100 
Roanteawet ces .50 277 go to 120 
AAG SOLY | te Slee 1.00 45 100 
(TAD WEL « a os occ 30 my Tas 


17. The angle of repose of loose materials corresponds 
to the angle of repose of the individual particles of which 
those materials are composed. Table II gives the coefficients 
of friction f and angles of repose Z of various kinds of earth, 
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with the weight per cubic foot. These quantities refer to 
the friction of each material on itself—that is, to the friction 
of the particles on one another. These elements are impor- 
tant factors in determining the stability of retaining walls. 
For ordinary calculations, the slope of repose is taken as 
12 horizontal to 1 vertical, giving a coefficient of friction 
of .67, or an angle of 34°, with which a weight of backing of 
100 pounds per cubic foot is used. 


18. Where the footing of a retaining wall has a level 
bed, as in Fig. 6 (a), the resistance to sliding is equal to the 
weight of the wall (with any superincumbent load or force) 
multiplied by the coefficient of friction. In order to pro- 
vide greater resistance to 
sliding than is obtained by 
the frictional resistance be- 
tween the masonry and the 
soil or base with a level 
bed, the bottom surface of 
the footing is sometimes 
inclined inwards, as shown by dc, Fig. 6 (4). In this case, 
the resistance to sliding is equal to the component of the 
weight normal to the base dc multiplied by the coefficient of 
friction, plus the component of the weight parallel to the base. 

If a wall is built with mortar joints, the backing should not 
be placed until the mortar has fully set, or there will be a 
much smaller resistance to sliding than may be expected 
after the mortar has set. 


a 4 
(b) € 
Fic. 6 


EXAMPLE 1.—A brick wall weighing 2,000 pounds rests on a level 
base of well-dressed soft limestone. What horizontal force will be 
necessary to slide the wall on the foundation, if the joint is without 
mortar and dry? 


SoLtuTion.—From Table I, the coefficient of friction for common 
brick on well-dressed soft limestone, dry, is found to be .65; multi- 
plying this by the pressure on the bearing, 2,000 lb., gives 1,300 Ib. 
as the horizontal pressure required to cause sliding. Ans. 


EXAMPLE 2.—Assuming that the resultant horizontal thrust from the 
earth back of a granite retaining wall weighing 5,000 pounds per run- 
ning foot and resting on a clay soil is 1,800 pounds in the same length 
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of wall, will the wall be secure against sliding, and what factor of 
safety will it possess when the clay is dry? How will the dampening 
of the clay modify the safety? 


SoLutTion.—For a wall of this weight to be just on the point of 
sliding with this pressure at the back will require a coefficient of fric- 
tion of 1,800+ 5,000 = .86. From Table I, the coefficient of granite 
on dry clay is found to be .5, and on moist clay .35. The factor of 
safety against sliding, is therefore, .5 + .86 = 1.4, while the clay is dry. 
As .36 is greater than .35, the wall may slide if the clay becomes 
moist. Ans. 


THEORY OF STABILITY 


ASSUMPTIONS 


19. Many theories relating to the stability of retaining 
walls have been evolved by eminent physicists. Although 
interesting, these theories have been proved by practice and 
experience to be unreliable. Nearly all of them are founded 
on three assumptions; namely, (1) that the line of rupture 
of the material composing the backing is a plane; (2) that 
the point of application of the resultant pressure on the back 
of the wall is the same as for water pressure; (8) that the 
direction of the thrust may be determined. 

The first of these assumptions is known, by observation, 
to be false; while the others, though they seem reasonable, 
have not been conclusively proved. 


20. In the first assumption, the earth at the back of 
the wall is considered as tending to slide along an oblique 


(@) Fic. 7 (6) 


plane a4, Fig. 7(a). There is but one character of soil— 
clean dry sand—that will realize this theoretical condition; 
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all other soils possess considerable tenacity, and their line 
of rupture is a more or less irregular curve, such as ad, 
Fig. 7 (4). 

The angle that the assumed plane of rupture makes with 
the horizontal, or the angle of repose, varies greatly with the 
different soils, and also with soils of the same nature con- 
taining different amounts of moisture. Damp sand or earth 
will stand when the slope has an inclination of 1 vertical 
to 1 horizontal. Roots also, serving as binders, have a large 
effect on the cohesiveness of the soil. The best practice in 
estimating the pressure of the filling on the back of.a retain- 
ing wall is to consider the angle of repose for all earths and 
soils as 34°—that is, approximately 14 of horizontal run 
to 1 of rise. This is the natural slope of dry earth without 
roots, and as the pressure against a retaining wall is greater 
with dry material than with wet, provided that the latter does 
not possess such a degree of fluidity as to produce hydro- 
static pressure, this angle is usually assumed. 


21. The second assumption—that the point of appli- 
cation of the resultant pressure is the same as for water 
pressure—is equivalent to considering the earth backing 
as a fluid, devoid of tenacity and friction. Since the nature 
of earth varies so materially from that of water, this assump- 
tion is far from correct, though it is probably as nearly correct 
as any that can be made. Whatever error this assumption 
contains is on the side of safety. 


22. The third assumption, regarding the direction of 
the thrust of the earth, varies with the several theories 
regarding the stability of retaining walls. In the theory 
advanced by Coulomb, the direction of the earth’s pressure 
is assumed to be perpendicular to the face of the wall; this 
assumption disregards the friction of the earth against the 
face of the wall, and therefore cannot be correct. The 
physicist Weyrauch determines the angle that the line of 
pressure makes with the wall by a complicated trigonometric 
formula deduced from an elaborate theory that has little 
practical value; for, in opposition to all practical results, it 
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gives a greater pressure when the wall is inclined backwards 
toward the natural slope than when it is straight or leans 
forwards; it also neglects the vertical component of the 
earth’s pressure, which certainly exists. 


COULOMB’S THEORY 


23. General Statement of the Theory.—The first 
theory (dating from the 18th century) for determining the 
stability of retaining walls, and the one on which most of the 
other theories are based, is known as Coulomb’s theory. 
This is principally interesting as a study, and usually gives 
results that err on the side of safety, for walls that it demon- 
strates to be about to fall seem to be perfectly stable, and 
apparently possess a factor of safety of about 2. Coulomb 
assumed: (1) that the earth of an embankment held in place 
by a retaining wall tends to slide along a straight line or 
plane; (2) that the center of pressure of the earth acts ata 
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point one-third of the height of the wall above the base; 
and (38) that the line of pressure acts perpendicularly to the 
back of the wall. From these assumptions, he determined, 
by reasoning and calculations, that the maximum pressure 
on a vertical wall is not due to the weight of the prism ca 4, 
Fig. 8, but is caused by the wedge-shaped prism of earth cad 
included between the vertical back of the wall and the line ad 
that bisects the angle caé. The line a4 forms an angle with 
the horizontal equal to the angle of repose of the material. 
The line ad is called the slope of maximum pressure, 
and the prism whose cross-section is represented by the tri: 
angle cad is called the prism of maximum pressure. 
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24, Formulas for Vertical Walls.— 
Let / = total pressure, normal to the back of a retaining 
wall, per unit of length of wall; 

W = total weight of triangular section of earth cad, 
Fig. 8, between back of wall and slope of 
maximum pressure, for same length of wall; 

W, = total weight of wall for same length; 

w = weight of backing per unit of volume; 

w, = weight of wall per unit of volume; 

Ah = height ac of wall; 

if thickness of wall, in the same units as 4; 

x = angle between back of wall and slope of maxi- 
mum pressure, or angle cad. 

The volume of the prism cad, whose altitude or depth is 1,is 


acXcdy 4 = hxXecd _ te S&P AAI Be = HAD Ze 
2 2, 2, 2 
Therefore, 
wa wh ae (1) 


If the weight W is resolved into two components, one 
horizontal and one parallel to ad, the former is assumed to 
be the pressure ? on the back of the wall. Therefore, 


12) z= |W viehey oe 
or, replacing the value of W from formula 1, 
Wa AO Fe 
eee ae 2 
5 (2) 


Coulomb assumed that this pressure is equivalent to a 
single force of the same magnitude concentrated at a point 
one-third the height from the 
base (= 3%). Considering 
this as correct, and the value 
of P being as just determined, 
the thickness required for a ver- 
tical wall that it may be stable 
both as to overturning and sli- 
ding can be easily ascertained. 


25. Referring to Fig. 9, it 
being understood that a unit length of the wall is considered, 
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the moment of stability of the wall is W, x 5 The moment 


of P about a is fe Therefore, assuming P to be the max- 


imum pressure consistent with stability (see Art. 18), 


¢ PR 
ORS 
But W, = w,ht; therefore, 
t Ph 
AtX2 = 53 
Be ee 
whence joes (1) 
3 Wy; 


If the value of P, as given by formula 2, Art. 24, is 
substituted, the formula just given becomes, after reducing, 


f= Atanex on (2) 


Wy 
Since cba, Fig. 8, is the angle of repose 7, we have 
cab = 90° —Z 
and, therefore, 
x = 4(90° — Z) = 45° ZZ (3) 

For a slope of 1% horizontal to 1 vertical, tan Z = 3; 
Z.= 88° 42; a = 45° — 16? 51 = 28° 0: tance: 
and, therefore, 


t=) 686 fx | (4) 
3 Ww, 
26. The limit of stability as to sliding on the base 
occurs when 
Y ey 6 IE ey es I (1) 
f representing the coefficient of friction between the base of 
the wall and its foundation or subfoundation. Substituting 
in (1) the value of P from formula 2, Art. 24, 
wh* tan x 
2 
Whitaa x 
2fw, (1) 
for the limit of stability as to sliding. 


at 2, te 


whence a 
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For a natural slope of 1 horizontal to 1 vertical, this 
reduces to 


14 wh 

a (2) 

The preceding formulas may be applied to any joint of 
the wall, by substituting for 2 the height of wall above the 
joint, and for f the coefficient of friction of the joints 
considered. 


a 


27. If the foundation is carried below the surface of the 
ground at the foot of the wall, the pressure of the earth in 
front will assist in opposing the tendency of the wall to slide 
on the foundation, and will also be of assistance in resist- 
ing overturning; but, unless the depth is greater than it is 
usually made, the iricreased resistance to overturning is unim- 
portant. As the coefficient of friction for the masonry on 
the soilis frequently much less than that for two surfaces of 
masonry on each other, the assistance of the fill in front is 
often valuable in resisting sliding. 


28. Wall With Battered Back.—For a wall with 
a battered back, following the assumptions made by 
Coulomb, the formulas should be modified by: (1) the 
increased overturning pressure due to the weight of the 
extra amount of backing dc?, Fig. 10, lying between the 
back of the wall and the ver- 
tical plane passing through its 
heel; (2) the decreased lever- 
age of the overturning thrust, » 
due to the fact that the line of 
action of the pressure, being 
perpendicular to the back of the 
wall, has a smaller arm (ga) 
than when the back is vertical (fa); (8) the reduction of the 
resisting weight of the wall in proportion to the thickness at 
the base (dc¢ cut off from the wall); and (4) the decreased 
leverage, in proportion to the base, of the resisting weight 
of the wall due to its center of gravity & being thrown for- 
wards (a, is less than one-half the base). 


FIG. 10 
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All but the second of these modifications tend to increase, 
while this one decreases, the required thickness of the wall 
at its foot. The average thickness of wall required will be 
very nearly the same for a wall with a battered back as for 
a vertical wall. 


29. Wall With Battered Face.—On the assumption of 
Coulomb’s theory, battering the face of a wall modifies the 
formulas for overturning: (1) by reducing the weight of the 
wall in proportion to its base by cutting off a,ad, Fig. 11; and 
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(2) by increasing the leverage of this resistance to overturn- 
ing (ay is more than one-half the base). The net result is a 
small increase of base required, but a decided decrease of 
average thickness as compared with a vertical wall. 


30. Remarks.—Coulomb’s theory is unsatisfactory, 
because of the incorrect assumptions; because of the neglect 
of the friction on the back of the wall and along the plane of 
slope of maximum pressure, and because of the vertical 
pressure of the earth on the back of the wall when the latter is 
built with a slope or with steps. The theory is further at fault 
for a surcharged wall, in that in this case the slope of maxi- 
mum pressure will no longer be midway between the vertical 
and the slope of repose. Though this theory is very imper- 
fect, it has been given here because nearly all the theories 
that have been advanced for retaining walls are based on it; 
and, as the best theories are simply amplifications of Cou- 
lomb’s, they can perhaps be better explained and understood 
by studying the latter first. On account of the fact that 
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the theory, as originally proposed, is no longer used, it is 
scarcely worth while to give here the modifications that must 
be introduced in the formulas derived for vertical walls to 
make them applicable to battered walls. For the same 
reason, the treatment of surcharged walls by Coulomb’s 
theory is omitted entirely. 


EXAMPLE.—A vertical retaining wall of rubble masonry, laid in 
cement mortar and weighing 150 pounds per cubic foot, is to be built 
with the backing level with the top of the wall, and 16 feet above the 
top of the foundation, which is at the level of the ground below. What 
thickness of wall will be required, by Coulomb’s theory, if the backing 
weighs 100 pounds per cubic foot and has a slope of repose of 14 hor- 
izontal to 1 vertical, and the coefficient of friction of the masonry on 
the foundation is .65? 


SoLuTION.—To apply formula 4, Art. 25, we have # = 16, 
w = 100, and w, = 150. Therefore, 
100 
t= 535 x 164), = 4.04 ft. 
Substituting the same values, and also that of f in formula 2, 
Art. 26, 
mel << 100516 
65 X 150 
As this thickness is less than that required for stability against 
overturning, 4.04 feet is the proper thickness to use. 


= 2.3 ft. 


MOSELEY’S THEORY 

81. General Statement of the Theory.—Moseley’s 
theory of retaining walls is a modification of, and a great 
improvement on, Coulomb’s theory. It takes account of the 
friction of the earth on the back of the wall, and also, if the 
back of the wall is battered, of the vertical pressure on 
the horizontal projection of the batter. When the back of 
the wall is battered or stepped, the effect of the vertical 
pressure of the earth resting on the slope or the steps far 
exceeds the overturning pressure due to the extra amount 
of backing. 

The effect of friction is a very important factor, as it 
about doubles the stability of a wall under ordinary condi- 
tions, as compared with what it would be if there were no 
friction. 

ILT 316-9 
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32. In Moseley’s theory, the horizontal component X, 
Fig. 12, of the pressure of the filling on the wall is assumed 
to be as in Coulomb’s theory; that is (formula 2, Art. 24, 
and formula 8, Art. 25), 

x — wh tan’ (45° — 3 Z) 
2 

The fotal pressure P is the resultant of the horizontal pres- 
sure X and the friction Y between the wall and the filling. 
This friction is equal to 4X, where f, is the coefficient of 
friction between the material of the wall and that of the 


8 eae oe oe eae 
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filling; and the angle fex is equal to the angle of friction Z,, 
whose tangent is 4, (see Analytic Statics, Part 2). The 
point of application of P is assumed, as in Coulomb’s 
theory, to be such that be = tbc = +h. 

The effect of friction will be better understood by consid- 
ering the condition of critical equilibrium. When the wall 
is in that condition, the slightest increase of pressure at the 
back will cause overturning. In overturning about the toe a, 
the back of the wall rises and the wall moves forwards, as 
indicated by the dotted lines a6,c,d,, the motion being first 
vertical, and gradually changing to a forward motion as the 
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wall revolves about the toe. As the wall starts to rise, the 
backing starts to fall and fill the gap caused by this motion, 
and the pressure of the earth on the back of the wall produces 
a friction, represented by ye, whose magnitude is propor- 
tional to the normal pressure X and to the coefficient of 
friction f,. Even though there is actually no motion, the 
power of resistance is still present to prevent overturning; 
it modifies the effect of the pressure of the fill on the back of 
the wall, and increases the stability of the wall. 

The coefficient of friction /, of the earth against the 
masonry is generally taken as .65 for dry earth; this corre- 
sponds to a slope of nearly 12 to 1. 


Od. Pressure on Base of Wall.—The total pressure R, 
Fig. 12, acting on the base of the wall is the resultant of the 
pressure P and the weight W of the wall. Its magnitude 
and line of action are determined by the parallelogram oe, 7v, 
in which oe, = P and ov = W, the point o being the inter- 
section of the line of action of P with a vertical through the 
center of gravity g of the wall. To find & by calculation, 
the sides oe, (= FP) and e,r (= W) of the triangle re,o 
are known; also, angle oe,r = 180° —e,0v = 180° —epxr 
= 180° — (90° — ex) = 90° + pex = 90° + Z,. 


34. If both the wall and the foundation were absolutely 
incompressible and incapable of fracture or crushing, the 
wall would be safe from overturning if the point x where the 
line of action of R meets the base came anywhere inside 
the base of the wall; and, theoretically, the pressure ? could 
be increased until z coincided with a—that is, until the line 
of action of the resultant pressure A passed through the 
toe a. But, as explained in Foundations, Part 1, practical 
considerations require that, under ordinary conditions, the 
point z should fall within the middle third of the base of the 
wall. The theory of pressure on foundations is fully treated 
in that Section, which should be referred to for further par- 
ticulars. It must be stated, however, that the distance an 
may safely be reduced somewhat from one-third to even 
one-fifth the width of the base, if the foundation is perfectly 
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rigid and the masonry of the best. This will give a maxi- 
mum intensity of pressure on the foundation at a 3s times 
the intensity there would be if the center of pressure were 
at the center of the base. 


35. Stability Against Sliding.—The total pressure R 
on the base may be resolved into a vertical component 07 
(= W+ Y) and a horizontal thrust 7x (= X) tending to pro- 
duce sliding on the base. This thrust must not exceed the 
product of the normal pressure o7 and the coefficient of 
friction between the wall and its foundation; otherwise 
expressed, the angle x07 must not exceed the angle of 
friction between the wall and its foundation, unless some 
external means, such as earth placed in front of the wall at 
the base, is employed to strengthen the wall against sliding. 

Ordinarily, the friction of the back filling is disregarded 
in determining the resistance to sliding. It is, however, 
advisable to take it into account, for though latent when there 
is no motion of the wall, the instant that the wall begins to 
move, or is about to do so, whether by overturning or by 
sliding, the filling begins to slide—or is ready to do so—down 
the back of the wall, and brings the friction into action. The 
neglect of this factor of stability against sliding is the more 
readily yielded to because usually the thickness of wall 
required for stability against overturning gives ample weight 
to resist sliding, and the added help of the filling in front 
of the foundation, required on account of frost and other sur- 
face influences, is generally sufficient to make up for the 
neglected friction of the filling. 


EXxAMPLE.—Taking the example given in Art. 30, with a wail 
4 feet thick, and assuming the wall and foundation to be perfectly 
rigid and the coefficient of friction of the masonry on the foundation 
and on the backing = .65: (a) what are the factors of safety against 
overturning and sliding? (6) where is the point of application of the 
resultant pressure A, Fig. 12? 


SoLution.—(qa) In this case (see Art. 30), tan x = .535; hk = 16, 
and w = 100; therefore, referring to Fig. 12 (see formula 2, Art. 24), 


100 X 16?  .535? 
X = UXT 8" = 8,660 Ib., nearly. 
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Since f, = .65, we have 
Y = .65 X = .65 X 3,660 = 2,380 Ib., nearly 
AlSoy taneZq5 5-60, 7, 357 1) and 
X 3,660 
~ cos Z,  cos33°1/ — se 
To find the lever arm ag, Fig. 12, produce fe to its intersection 5 
with 6a@ produced. Then, 


WEA = Ale 
Staten 856200 

Also as=6s —ba = 8.2—4 = 4.2 ft.; 

@q =—a@s sin ésb= as sin Z, = 4.2 sin 38° 1’ = 2.29 it. 
The moment of P about a is, therefore, 
4,365 X 2.29 = 9,996 ft.-lb. 

The weight of the wall, per foot of length, is 16 X 4 X 150 = 9,600 lb., 

and the moment of stability of the wall is 
9,600 X ma = 9,600 X 2 = 19,200 ft.-lb. 

Dividing this by the moment of /P, the factor of safety against over- 

turning is 


= 8.2 ft. 


6s = becotesh = becot pex=tbccot Z, = 


19,200 + 9,996 = 1.92, nearly. Ans. 
The force tending to cause sliding is the horizontal thrust X, or 
3,660 lb. The frictional resistance that the wall can offer is 
of Xf, = (W+ VY) XA = (9,600 + 2,380) X .65 = 7,790 Ib. 
The factor of safety against sliding, is, therefore, 
7,790 + 3,660 = 2.18, nearly. Ans. 
(6) In the triangle omn, 
om=mstanosm = (6s—bm) tan Z, = (8.2 —- 2) X .65 = 4.08 ft. 


In the triangle o7/, 
2G 


tan voj = gs 
domvo jin WAY 
In the triangle omn, 


3,660 


: xX 
mn=omtanro7 = 4.03 X yoy 4.03 X 9 600 + 2,380 = 1,28 ft. 


Ans. 


36. Remarks.—lIn actual practice, it is customary to 
find the magnitude and direction of the maximum pressure 
graphically, instead of by calculation. As the weight of the 
backing, and the angle of friction, as well as the strength, 
cohesion, and compressibility of the materials, are so imper- 
fectly known, the results may be determined with sufficient 
accuracy by graphic instead of analytic methods. 


87. It is to be noted that, in the foregoing example, the 
wall is a trifle thinner than would be required by Coulomb’s 
theory with no factor of safety; yet, by Moseley’s theory, 
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the wall has a factor of safety of nearly 2. The difference is 
due to the introduction of the friction on the back of the wall. 


88. Battered Back.—To ascertain the resultant of the 
pressure of the bank and the friction it develops when the 
back of the wall is battered, the angle of friction should be 


Fie. 13 


laid off from a line normal to the back, as shown in Fig. 13. 
This will make allowance for the greater overturning pres- 
sure of the backing (due to the larger wedge of earth between 
the back of the wall and the slope of maximum pressure, and 
4; also to the greater 
wedging angle be- 
tween these two 
planes) and for the 
extra resistance to 
overturning due to 
the weight of earth 
Fic. 14 acting vertically on 

the horizontal projection of the batter of the back. The net 
result of this deflection of the line of thrust is to reduce the 
overturning moment to be resisted by the weight of the wali, 
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so that, with the same average thickness of wall, and the face 
remaining plumb, the stability will be increased. If the 
batter of the back is sufficient, the line of action of P will 
cut the base, and there will be no overturning moment. 
The batter of the back also reduces the weight and lever- 
age of the wall. 

If the back of the wall is stepped, or offset, as in Fig. 14, 
the line of thrust will be the same as though the back were 
battered to the plane dc. 


39. Surcharged Walls.—With a surcharged wall, as 
in Fig. 15, the weight of all the earth cd, lying between 
the slope of maximum pressure, the back of the wall and 
the top of the surcharged slope should be employed instead 
of the smaller quantity cd that would be used if the filling 
were leveled off even with the top of the wall. According 
to this theory, if the sur- 
charge is carried higher 
than the point £,, where 
the slope of maximum 
pressure intersects the 
slope of the top of the 
surcharge, as to z, the 
pressure of the filling on 
the back of wall is not 
increased thereby (see 
Art. 48); but, if the top Fic. 15 
of surcharge is lower than &,, as at w,, the weight of earth in 
the prism /4cz, should be used. 

If the surcharge is allowed to run over on the top of the wall, 
as in Fig. 16 (e), (4), and (g), only the part of the surcharge 
lying behind a vertical plane cz carried up from the back 
edge of the top of the wall should be used in determining 
the pressure of the filling; while the weight of the earth 
lying in front of this plane should be added to the weight 
of the wall, to find the resistance offered to overturning. In 
all cases, the weight of earth to be used should be the weight 
of the earth lying between the slope of maximum pressure bk, 
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Figs. 15 and 16, the upper surtace of the sotl, the back of the 
wall, and a vertical plane cz, Fig. 16, extended upwards from 
the upper edge of the back. This general rule applies whether 
the earth is leveled off with the top of the wall, as cz, 
Fig. 16 (a), or at a lower level, as y £2, Fig. 16 (4); whether 
the wall is surcharged with the toe of the slope lying at the 
back of the top of the wall, as c#é in (c) andcukdé in (a); 
surcharged with the slope running over the top of the wall, as 
czkbin(e), czukb in (f), andczkb in(g); surcharged with 
the toe of the slope back from, or below, the top of the 
wall, ascy&é in (h) or y&b in (7); or whether the top of the 
earth is lower behind the wall than its top, asc&é in (J), 
ykb in (2), and cyé in (2). 


40. The direction of the pressure is unchanged by the 
position of the top of the backing, being governed by the 
batter (or equivalent offsetting) of the back of the wall and 
by the angle of friction between the backing and the masonry. 


41. The point of application of.the resultant pressure is 
the point where a line parallel to the slope of maximum 
pressure, and passing through the center of gravity of the 
mass of earth causing this maximum pressure, cuts the back 
of the wall. If the cross-section of this mass of earth is 
triangular, with its apex at the top of the back of the wall— 
whether from this point the surface of the backing is level, 
as at Fig. 16 (a), or rising, as at (c), or falling, as at (;)— 
this point of application is at one-third the height of the 
wall, for the center of gravity of every triangle is at one- 
third its altitude measured from any side as a base; and a 
line passing through this point and parallel to the assumed 
base will cut each of the other sides at one-third its length 
from this base. 

If the cross-section is triangular, with its apex at the back 
of the wall below the top, as at (4), (z), or (&), the point of 
application will, of course, be lowered to one-third the 
height of the wall to this apex. If the cross-section has 
more than three sides—whether this is caused by the top 
of surcharge lying below the intersection of the slope of 
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its face with the slope of maximum pressure, as at (d¢) and 
(f), or because the surcharge runs over the top of the wall, 
as at (e), (f), and (g), or by the backing sloping down from 
a point behind the back of the wall, as at (/)—the point of 
application of the resultant pressure will be raised, because 
the center of gravity of the mass of backing causing the 
maximum pressure will lie farther from the slope of maxi- 
mum pressure. The one possible exception to this rule, 
where the cross-section has a perimeter of more than three 
sides, is when it contains a reentrant angle, as y, Fig. 16 (2). 

It will be observed that the effect of lowering the level of 
the top of a surcharge, and so reducing the amount of back- 
ing—as at (d) compared with (c), and at (/) compared 
with (e)—or the removal of some of the backing when 
normally level—as at (/) compared with (a)—raises the 
point of application of the pressure, and so increases its 
leverage; but, as the amount of the pressure is at the same 
time reduced to more than offset this increase of leverage, 
the moment of the overturning pressure is reduced. 


42. Battered Face.—According to Moseley’s theory, 
the use of a battered face on a retaining wall has no effect 
on the overturning moment, but modifies the resistance 
offered by the wall in the same manner as explained in 
Art. 29 in connection with Coulomb’s theory, increasing 
slightly the required base, but decreasing materially the 
average thickness and total quantity of masonry. 


43. General Method of Procedure.—In what follows, 
the preceding principles will be combined into a general 
statement indicating the successive steps that should be 
taken in the analysis of a retaining wall according to 
Moseley’s theory. 

Fig. 17 represents a surcharged wall aécd with the toe of 
the surcharge lying at the outer face d of the top of the wall; 
the description and directions, however, will apply equally 
well, in substance, to other conditions. The wall may be 
stepped, as indicated by the dotted lines, but this does not 
alter the principles involved. 
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First lay off from the heel of the wall the slope of repose 67 
of the material of which the backing is made. Usually, the 
slope of 67 is assumed as 12 horizontal to 1 vertical, as this 
is approximately the worst slope to be expected with the 
materials commonly used for filling. The slope of maximum 
pressure 4% for any material and condition lies midway 
between the slope of repose 6z and the vertical plane d7¢ 
passing through the heel of the wall; that is, d& bisects #672. 

Considering, now, a section of wall and backing contained 
in one unit of length measured parallel to the line of the 
wall, ascertain the 
weight and center of 
gravity g, of the back- 
ing lying between the 
slope of maximum 
pressure and the 
back dc of the wall, 
with an extension cz 
in a vertical plane 
above the top of the 
back of wall, to the 
slope of the sur- 
charged filling; that 
is, of the mass rep- 
resented in cross-sec- 
tion by tne polygon 
kRoczurk. TPO thas 

Fic. 17 mass should be added 
the weight of any load that may rest on the filling. From 
the center of gravity of this portion of the backing (with 
its superimposed load, if any), draw a line g,e parallel to 
the slope £4 of maximum pressure, until it intersects the 
back of the wall at e, which represents the center of pressure 
of the, backing—that is, the point of application of the 
resultant pressure. Through e draw ex perpendicular to 
the back of the wall (or to the plane passing through the back 
of the wall at its top and bottom, if the back of the wall is 
stepped), and also a vertical line, on which scale off a 


$ 48 RETAINING WALLS 25 


length e/ to represent the weight of the filling, with its 
superimposed load, if there is any. Draw /x parallel to J. 
Then, ex will represent the component X of the pressure P 
perpendicular to the back of the wall. Draw x / parallel to 
the back of the wall, ande~ making withex an angle Z, equal 
to the angle of friction between the filling and the back of 
the wall (usually taken as 33°, which corresponds to a slope 
of 12 to 1). Then, px will represent the magnitude and 
direction of the friction Y that may be developed by the 
pressure er of the filling on the back of the wall; and Ze will 
represent the resultant pressure P. Producing fe and drop- 
ping a perpendicular ga to it from the toe a of the wall, the 
lever arm of P with respect to a is determined. The prod- 
uct of pe (in units of weight or pressure) and ga (linear 
units) represents the overturning moment. 

Now find the weight W and the center of gravity g of 
the wall aécd, together with the small amount of fill- 
ing dez resting on its top (and also of any other load or 
force resting on the wall, if there is any), and from this 
center of gravity draw the vertical g7. From the point o 
where this vertical meets the line of action of P, lay off ov 
= W, and oe, = P; complete the parallelogram e,ovy7, and 
draw the diagonal ov, which represents the resultant pres- 
sure R on the base or foundation of the wall; this result- 
ant intersects the base at x. Under ordinary conditions, 
an should not be less than 3a0. 

The resultant total pressure ov may be resolved into a 
vertical component 07 and a horizontal component 77; the 
latter thrust must not exceed the product of the former and 
the coefficient of friction of the wall on the base (or the 
angle ro/7 must not exceed the angle of this friction), unless 
there is some other force that helps to resist the tendency 
to slide. 
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EMPIRICAL RULES 


44, As previously stated, none of the mathematical 
theories of the equilibrium and stability of retaining walls 
is altogether satisfactory, because of the many and important 
elements of uncertainty entering into them. But, by the use 
of the best theories available, combined with the results of 
experience and observation, very simple rules have been 
formulated that probably are a more correct guide than even 
the most perfect theory yet advanced. A thorough under- 
standing of these theories is, however, very important, both 
because they are often used or referred to, and also because 
they give a general idea at least of the conditions that should 
be taken into account. 

Probably the best series of empirical rules is that presented 
by John C. Trautwine in his well-known Czvil Engineers’ 
Pocketbook. These rules are given, with slight modifications, 
in the following articles. 


45. Vertical Walls.—For a vertical wall resting on a 
foundation of masonry suitably enlarged for a proper dis- 
tribution of the load on the soil, with the top of the fill 
leveled off at the top of the wall, and with the backing 
deposited loosely, as when dumped from carts, the ratio 
of the thickness to the height of the wall should be .35 for 
a wall of cut stone, or of first-class large-ranged rubble, in 
mortar, or of concrete; .4 for a wall of good common rubble 
or brick, in mortar; and .5 for a wall of dry rubble. 

If the backing is deposited in layers well compacted, the 
thickness may be slightly reduced, without sacrificing the 
stability of the wall. It is not, however, customary to reduce 
the thickness on this account; for, although specifications 
frequently call for the filling to be so deposited and com- 
pacted, this is rarely done, and an engineer attempting to 
enforce such specifications will be likely to receive more 
abuse than satisfaction. 


46. Battered or Stepped Back.—For a wall with a 
battered or stepped back, Trautwine recommends using the 
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same average thickness as for a vertical wall, increasing the 
base by the same amount that the top width is decreased. 
As seen in the discussion of Moseley’s theory, this will give 
a small increase in the stability over that obtained from the 
vertical wall, while the volume of masonry remains the same. 
The reduction in average thickness can only be very slight 
without decreasing the stability, so that it is ordinarily 
disregarded. 


47. Battered Face. A wall with a battered face may 
be made to give the same stability with a materially smaller 
volume and average thickness that would be required if a 
vertical wall were used. 

For equal stability, a wall of triangular cross-section with 
a vertical back and battered face should have a base 1.225 
times as great as the thickness of 
a vertical wall, as may be seen by 
reference to Fig. 18, in whichadcd 
represents a vertical retaining wall, 
and a,éca wall of triangular sec- 
tion having the same height and 
moment of stability: g and g, rep- 
resent their respective centers of 
gravity, and ma and m,a, the 
lever arms of their weights about their respective toes. 

Let A = height of wall; 

¢ = thickness of vertical wall; 
6 = width of base of triangular wall; 
w = weight of masonry per unit of volume. 

Then, in a portion of the wall one unit in length, the 
weight of the vertical wall aécd will be Afw, and its 
moment of stability, 


Zz hAtw 
h — = 
ea ar 9 


For the same length, the weight of the triangular wall will 


be sw, and its moment of stability, 
5 hw X m,a, = Shaw x ¥b = i 
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In order that these two walls may have the same degree 


of stability, we must have 
btw _ how, 
25 Oo 
whence 6=¢vi = 1.225% 

The amount of masonry in the triangular wall of equal 
stability against overturning will therefore be only .6125 
times that of the vertical wall. Such a wall will, however, 
have serious objections, as will be explained further on. 

In a similar manner, the dimensions of a wall having a 
vertical back, a given batter of face, and a given stability 
may be computed. 


48. Surcharged Walls.—As indicated in Art. 89, the 
pressure on the back of a surcharged wall is greater than if 
the backing were level with the top of the wall, and the 
thickness of the wall must be correspondingly greater. 

When the surcharge runs over the top of the wall—as in 
Fig. 17, and in Fig. 16 (e), (f), and (g)—there is a slight 
increase in the weight resisting overturning by the addition 
of the triangle of earth dcz, Fig. 17, as well as the larger 
increase in the weight of the wedge of backing pressing 
against the back of the wall. For a height of surcharge less 
than about a quarter of the height of the wall, the additional 
weight of the filling resting on the top of the wall will offset 
the extra weight of the overturning wedge; but, as the height 
of the surcharge increases with the slope running over the 
top of the wall, the overturning pressure increases rapidly, 
while the increased resistance due to the earth resting on 
the top of the wall changes only slightly with the increase 
in thickness of the wall. Thus, it is readily seen that, if the 
surcharge is large and is allowed to run over the top, the 
thickness of wall required will be greater than if the sur- 
charge slope started at the back of the wall. Table III 
shows the proper ratios of thickness to height for vertical 
walls with various amounts of surcharge. After ascertain- 
ing the thickness of the vertical wall that would be required 
for restraining a surcharge bank, the form of the wall may 
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be altered to give a battered face or back, or both, in the 
same way as though the top of the backing were level with 
the top of the wall (see Arts. 46 and 47). 

It will be noticed that Table III calls for an increase in 
the thickness of the wall for the increased height of the sur- 
charge, far beyond the .55 times the height of the wall at 


TABLE III 


SURCHARGED VERTICAL WALLS—RATIO OF THICK- 
NESS TO HEIGHT 


Toe of Slope at Back of Wall | Toe of Slope at Front of Wall 
Ratio of 
ce elect Cc | Mortar, D Cc Mortar, D 
of Wall econ re Rubble one eg caee Rubble 
.0 ase .40 .50 Beis -40 .50 
oI +42 47 +57 42 47 +57 
a2 .46 sit 61 .46 mots 61 
3 49 | «54 64 -49 55 .66 
4 S54 1550 .66 53 .60 ie 
5 Be ie .67 | 58 65 79 
6 54 o| u50 20900 02 .70 .85 
i See a 00 7708 O05 74 .QI 
8 .56 KO i .67 soy .96 
me) I) .62 SWF .69 .80 1.00 
1.0 .58 63 We pal .82 1.04 
2.0 .62 .67 AG) 81 .96 1.26 
3.0 63 .68 78 85 1.02 1.35 
5.0 .64 .69 x79 .88 1.07 1.44 
25.0 .68 HB .83 .92 iaet 150 


which the “plane of maximum pressure’”’ will usually cut the 
plane of natural slope with the toe of surcharge at the back 
of the top of the wall. This is because the results of 
experiment and experience show that the pressure actually 
does increase beyond the limit indicated by the best theories 
that have yet been formulated. Plainly, some important 
factor is omitted in these theories. 
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SETTLEMENT OR CRUSHING OF THE TOE 


49. It should be noted that even the hardest stone is 
compressible and may be crushed, and that the subfounda- 
tion is generally even less rigid and strong. There is, 
consequently, a greater or less yielding of wall and sub- 
foundation caused by the pressure of the backing; and the 
greater the pressure, the greater will be the yielding. As 
the pressure on the base of a retaining wall is greater at the 
toe than at the heel, this yielding is also greatest at the toe. 
With a well-designed wall resting on a firm subfoundation, 
this yielding is so slight as to be negligible, and generally 
hardly perceptible even with the most careful observations; 
but, when the subfoundation is soft and the center of pres- 
sure lies very near the toe of the wall, the yielding may 
become of great importance. 


50. The destruction of the toe of a retaining wall 
decreases the lever arm of the weight, and, therefore, the 
moment of stability of the wall. It increases also the 
intensity of pressure on the subfoundation, by reducing 
the width of base. 


51. By the settling of the toe, the wall leans forwards, 
thereby throwing its center of gravity more nearly over the 
toe, thus further reducing the lever arm of the weight and 
the moment of stability of the wall. This also increases 
the pressure on the toe, tending to increase (and more 
rapidly) the settlement there, and speedily leading to the 
downfall of the wall. 


52. The settlement at the toe and the resulting leaning 
forwards of the wall increase the pressure of the backing, 
by increasing the amount and weight of the filling lying 
between the back of the wall and the slope of maximum 
pressure, and by enlarging the wedging angle through which 
the pressure tends to throw the wall forwards. As the wall 
yields to this increased pressure, the pressure still further 
increases. 
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53. By the settlement or crushing of the toe, the wall 
leans forwards; the beds become inclined, and the tendency 
of the wall to slide as a whole on its base, and of the dif- 
ferent beds to slide on each other, is increased. After a 
sliding motion has begun, the rougher surfaces are made 
smooth by attrition, the friction decreases, and further motion 
occurs, gradually leading to the complete destruction of the 
structure. 


54. The foregoing considerations will show the impor- 
tance of taking all necessary measures to prevent settlement 
or crushing of the toe. Where the resultant pressure passes 
through the center of the base, the settlement is uniform, 
and does not cause serious harm; the nearer the resultant 
pressure is to the toe, the more uneven the settlement is 
likely to be; hence the importance, especially in soft soils, 
of making the eccentricity of the pressure as small as pos- 
sible, or of providing for contingencies and uncertain con- 
ditions by the use of a large factor of safety. 


CONSTRUCTION 


MATERIALS USED 


55. All classes of masonry materials—stone, brick, and 
plain and reinforced concrete—are used for the construc- 
tion of retaining walls; and all grades are used according to 
the importance of the structure. In general, for important 
structures, a very good quality is employed and is really most 
economical, for the saving of quantity nearly offsets the dif- 
ference in cost, leaving very little expense properly charge- 
able to the improved appearance and greater durability. 
Timber and steel bulkheads may also be classed with retain- 
ing walls, although their stability does not generally depend 
on their weight alone. 


I LT 316—10 
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STONE AND BRICK 


56. Stone.—Though dry rubble is sometimes used for 
retaining walls, and may show very good durability, the 
more common specifications call for either cut stone or a 
good quality of rubble laid in mortar; and, as will be seen 
by referring to Art. 45 and Table III, a very noticeable 
saving of masonry is considered a proper allowance for the 
use of the better quality. Referring to such better class of 
masonry, a few of the generally accepted requisites will be 
stated, allowing sufficient range to cover all that class for 
which the rule in Art. 45 requires only .35 of the height for 
the thickness of a vertical wall. 

All stone should be sound and durable, free from seams, 
dries, shakes, and flaws, of large size, and laid on its natural 
bed in Portland-cement mortar, in horizontal courses not 
less than 12 inches thick. According to the appearance 
desired, these courses may be specified to be regular or 
broken. Breaks in courses should not be allowed more fre- 
quently than one break to 50 square feet of face. The 
whole wall should be well bonded together; not less than 
one-fifth of the face of the wall should consist of headers 
extending either entirely through the wall or to a depth of at 
least 4 feet. Headers should be evenly distributed through- 
out the structure, and rest on, and be covered by, stretchers 
so as to thoroughly bond the whole together. No stone 
(except raisers used to break courses) should have a less 
width than height, or a length less than two and one-half 
times its height. 

All joints on the face of the wall should break not less 
than 9 inches, and all stone should be dressed to lay for 
the full bed, and for not less than 9 inches in from the 
face in the vertical joints with ¢-inch to 1-inch joints. 
Sometimes, joints + inch wide are specified for retaining 
walls, but they greatly increase the cost, while actually 
reducing the strength, as the stone has to be dressed, and 
does not have so strong a grip on the mortar as does the 
rough stone. 
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57. The backing should be in courses of the same thick- 
ness as the face, and, with respect to headers and size of 
stone, should be as specified for the face. Less care, how- 
ever, may be taken with the vertical joints, and the back may 
be left rough, except to within 4 feet of the top of the wall, 
which should be dressed smooth. All stone in the heart of 
the wall should conform in size to the dimensions specified 
for the face, except as modified by necessity, because less 
room is left between the face stone and the back stones. No 
space wider than 6 inches should be left to be filled with 
spalls, which should be laid in mortar; no spalls should be 
allowed in the bed joints. 


58. All joints in the face should be dressed to a line and 
in the specitied plane, and the rock face between joints should 
nowhere project more than 4 inches beyond the neat lines. 
The foundation below 1 foot under the ground surface may 
be built of stone of the same quality as specified for the 
backing, or even of a little poorer quality for the back por- 
tion. The coping course should be of selected stone, run- 
ning the full width of the top of the wall, and projecting on 
the face from 2 to 6 inches beyond the neat line, and of a 
length suitable for stretchers; the top should be dressed to 
give no depression greater than 2 inch below a true plane 
resting on the top. 


59. Brick.—Brick may be used for small retaining walls, 
but is an unsatisfactory material for large walls. A greater 
thickness will be required for a brick wall than for one ofa 
good quality of stone, or of concrete. A brick wall exposed 
to the weather should be capped with stone. 


CONCRETE 


60. Concrete, either plain or reinforced, is an excellent 
material for the construction of retaining walls, and one 
whose popularity is deservedly growing. No inferior mate- 
rial should be used for concrete retaining walls, and great 
care should be taken to get a compact body with a smooth 
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face; a wet concrete is to be preferred, as it is less likely 
to contain voids, and will also yield a better surface. The 
surface may be improved by greasing or soaping the inside 
of the form, and should be made richer than is necessary for 
the interior of the mass. This may be accomplished in either 
of two ways, both of which give very satisfactory results if 
well done, but are very unsatisfactory if poorly done. 


61. Inthe first method, strips of sheet iron are provided, 
of a width a little greater than the thickness of the layers of 
concrete; before each layer of concrete is laid, the strips are 
placed 2 or 8 inches from the inside of the form, and this 
space is filled with the rich mortar, after which the layer of 
concrete is deposited to fill nearly to the top of the sheet-iron 
strips. The sheet is then raised nearly clear of the 
mass, and the concrete tamped to form a bond between 
the concrete and the mortar facing. The same oper- 
ations are repeated for each course. 

With proper care, this method gives very satisfac- 
tory resuits, but it is tedious and expensive, and gener- 
ally the necessary care can be secured only by constant 
watching. The strips may be made with handles 
attached, or with holes through which hooks may be inserted, 
or the upper edge may be bent to the form indicated in Fig. 19, 
to aid in drawing them up. The sections should not be made 
so long that they will be difficult to handle. 
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62. A much less expensive, and fairly satisfactory, sub- 
stitute for the foregoing is by “‘spading a face.’’ In this 
method, the concrete is first laid full against the form; then 
the flat blade of a spade is run down the inside of the form 
and the handle worked back and forth so as to press the 
concrete away from the form. The cement, being lighter 
than the sand and stone, will flow back more readily, and, 
separating from them, will go to enrich the surface. The 
loss to the mass is but slight, while the gain to the surface 
is important. In order that this method may be satisfac- 
tory, the concrete must be wet enough for the mortar to 
flow back against the form after the spade is removed. The 
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movement of the spade must be such that at different instants 
the concrete will be thrown back for the full height of the 
course; to do this properly, the blade should be placed flat 
against the form, as shown in Fig. 20 (a), and rocked back 
and forth, as shown at (4) and (c), so as to crowd in the 
concrete both at the top and at the bottom of the blade. 
Moreover, to produce satisfactory results at the middle of 
the course, the spade should be inserted to a less depth than 
the full length of the blade, as well as for its full depth. 
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A clearer idea of the movements may be obtained by refer- 

ence to Fig. 20. A little practice will enable a workman to 

become very proficient, both as to speed and satisfactory 

results, working at three or four depths of penetration. 

As this method is so much less expensive, and interferes 
so little with the rapid laying.of the concrete, much less 
difficulty will be experienced in getting the work done 
according to specifications if spading is called for than if 
the separate layers of mortar were demanded. A face more 
like stone may be obtained by roughening the surface with 
a bush hammer or a similar tool. 


63. Large stones may be thrown in with the concrete 
to advantage, both in economy and strength, when suitable 
stone is easily available. Some care should be taken when 
such stones are embedded, to avoid their coming ’in contact 
or forming large cleavage surfaces, for generally cement 
does not adhere to the surface of the stone as strongly as it 
eoheres to other particles of cement (with some limestones 


36 RETAINING WALLS § 48 


the case is the reverse). Concrete with large stones so 
embedded is called rubble concrete or concrete rubble, 
according to whether the concrete or the large stones pre- 
dominate. 


64. Reinforced Concrete.—By the use of reinforced 
concrete, a large saving of material may be accomplished; 
for, with the encased steel to take tension, thus efficiently 
tying the different parts together, a hollow shell may be used, 
and the weight of the backing may be utilized to oppose its 
own overturning pressure. The saving in cost by the use of 
the reinforcement will be much less than the decrease in 
volume, but will still be considerable in a wall of large size. 

Fig. 21 shows a retaining wall of reinforced concrete. 
In the figure, (a) is the elevation of the face of the wall 


and (4) is a cross-section on fg; a is the top, 4 the face, 
and c the base of the wall. ‘The base is much wider than 
the thickness of the face; they are connected at frequent 
intervals by counterforts d that slope from the top of the 
wall to the inside line of the base. The face, base, and 
counterforts are reinforced with steel rods e to resist any 
tension and to prevent surface cracks. This is a very 
economical type of retaining wall, as the weight of earth 
that rests on the inner or back part fg of the base helps to 
maintain the stability; less weight of masonry is therefore 
required. 


65. Forms.—The forms for concrete retaining walls 
are generally of such size and extend to such height above 
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the ground surface that it is not practicable to brace them 
efficiently from without, so that ties through the wall become 
necessary. Plain rods with screw ends and nuts are fre- 
quently used, and. the ends are cut off a little within the 
plane of the surface of the concrete after the forms are 
removed. Some engineers put the rods through pipes that 
are 2 or 3 inches shorter than the thickness of the concrete; 
when the form is removed, the rod may be drawn out and 
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the pipe left in place, by simply breaking the concrete loose 
from the rod where not covered by the pipe. ‘Telegraph or 
similar wire is also used, the ends being tied together and 
then drawn taut by inserting plugs and twisting; several 
strands of wire may be used if required, and the wires may 
be cut off just inside the planes or faces of the wall. After 
cutting the rods or wires, or withdrawing the rods from 
within the pipes, the holes left in the face of the concrete 
may be plastered up. Fig. 22 illustrates both rod and wire 
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ties; the rods are shown at /, the ends being held by nuts 
and washers e, e; the wires are shown at 4, 4, the ends being 
looped around the posts a. The sticks ¢ and d are for the 
purpose of twisting the wire so as to bring the sides to the 
proper distance apart and hold them there. 


66. Before the concrete is placed in the forms, braces 
may be used on the inside to hold the sides out to their 
proper place, which is as important as the duty of the rods 
or wires to prevent their spreading too much. As the work 
progresses, these braces may be removed and the concrete 
may be relied on for this duty. 


FOUNDATION 


67. A good foundation for a retaining wall is as 
important as that the wall itself should be properly designed 
and built. early all the failures of retaining walls are due 
to poor foundations and improper design of the base of the wall. 
Before the wall is built, a thorough examination of the char- 
acter of the soil should be made, as explained in Foundations, 
Part 1. It should be borne in mind that sand, especially 
quicksand, is, as a rule, a very treacherous and unreliable 
material. Both sand and gravel, however, are excellent 
mixing materials for increasing the bearing power of soft 
clays and loam. 

Generally, foundations have to be carried to a considerable 
depth below the ground surface, so as to avoid the dangers 
of frost and scour. In the northern United States, 4 feet 
below the surface is a common minimum requirement. 
Often, this is also of assistance in maintaining the stability 
of a retaining wall against sliding, as the coefficient of 
friction of the masonry on many soils is much less than 
that of two courses of masonry on each other—especially 
if the courses are laid in mortar, which binds them together. 
Considerable assistance in resisting sliding is gained by a 
few feet depth of earth in front of the walls above the bottom 
of the masonry. 
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68. On account of the greater pressure at the toe of a 
retaining wall, it is customary and advisable to enlarge the 
footing course by offsetting at the front below the ground 
level, as shown in Fig. 23 (a). On soft soil, this offsetting 
may be made of considerable length by making the depth 
below the surface greater than would be otherwise required. 
The offsetting may be made by a succession of steps, as 
in Fig. 23 (6), each 
with a rise about 
equal to the offset. 
With strong stone or 
other good material, WY 
the spread may be at (a) 

a greater rate than 

1 to 1, while with poor material it should be less. Every 
inch of such offset at the front of the foundation is a valuable 
aid to the stability of the wall as to overturning, and might 
well be taken advantage of to a greater extent than is 
customary. 

Walls are sometimes built with a similar offset at the heel; 
but this is of little use, simply adding a little to the weight 
and slightly to the leverage going to make up the moment 
of stability; while the same offset at the toe increases this 
moment several times as much. 
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69. To prevent sliding, the footing of a retaining wall is 
sometimes built on an incline, as indicated in Fig. 24 (a). 
Generally, this is of doubtful value, because of the compres- 
sibility of the soil. The inclined beds are objectionable, 
because of the facility with which moisture gathers in them. 
The design shown in Fig. 24 (5) is a better one. 
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7O. As the toe of a retaining wall receives so great a 
load, piles are sometimes used to relieve the soil at this 
point (see Fig. 25). At best, this is an unsatisfactory 
arrangement, because by it, while the back edge of the wall 
rests on the soil near the natural surface, the support of 
the front is transferred to a lower level, and presumably a 
harder stratum of soil. If the upper soil is as soft as this 
expedient would suggest, there will be danger of settlement 
at the back, while the front is kept up to its original place, 
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and the result may be as indicated in Fig. 26, followed by 
the collapse of the wall. If the soil is sufficiently firm to 
prevent such settlement of the back, an offset at the toe can 
generally be more easily provided, and will be more efficient 
than piles. Piling should never be used except as a tem- 
porary expedient, unless the timber keeps constantly wet; 
otherwise, it will rot. When the piling keeps constantly 
moist, it may be used under the full width of the wall to 
give a foundation in soft soil, in which case it is well to 
give greater support to the front than to the back of the wall. 


OTHER DETAILS 


71. Coping.—The top of a wall, being more exposed 
to injury from the weather and other destructive agencies, 
should be made of carefully selected stone or of a richer 
concrete than is required for the body of the wall. This 
upper course or part of the wall is called the coping or 
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cap, and is generally given a width of about 2 or 8 feet. 
The coping should, if practicable, project from 2 to 6 inches 
(usually 3 or 4 inches) beyond the body of the wall, so that 
the drip will clear the face of the wall. If of stone, the 
coping should be made of large stone, of the full width of 
the course, and with as few transverse joints as possible. 
The top is frequently built with a slope to favor drainage. 


72. Batter of the Face.—It has been explained that, 
for resistance to overturning, economy of quantity favors 
the use of a heavy batter for the face of retaining walls, 
even to the extent of using a triangular cross-section of wall. 
There are, however, serious objections to this form of con- 
struction: the earth near the surface is exposed to disturb- 
ing influences (chiefly frost in cold climates), which are 
more destructive to the stability of structures resting on, 
or otherwise brought in contact with these top strata, than 
to those either above ground or at a lower depth; for this 
reason, as well as from the natural objection to an acute 
angle or thin section, the top of the wall is never reduced to 
such an extent. 

Aside from the objection to the thin top, an excessive batter 
exposes the face of the wall to undue destructive influences. 
With a vertical or slightly battered face, the rain or drainage 
from above passing over the face will run off rapidly with 
no injury to the wall; but with the greater slope, there is a 
greater inclination for the water to soak into the joints and 
seams, and do greater or less injury according to the quality 
of the construction, and according to whether freezing follows. 
Seeds, also, lodge in the joints and the resulting vegetation 
frequently causes serious damage to the wall. 

Another serious objection to a large batter that frequently 
exists is the reduction of width available for use at the top 
of the wall. 


'73. Back of Wall.—The back of a retaining wall may 
preferably be left rough, thus increasing the friction of the 
filling. As an exception to this, the top part of the back 
(down to the frost line) should be left smooth, and preferably 
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with a forward slope, so that the frost and other surface 
influences will not cause any upheaval. 


74. Bond.—Stone retaining walls should always be 
thoroughly bonded together, both transversely and longi- 
tudinally, s» that the wall may act as a unit in resisting the 
thrust of the backing, instead of as a number of smaller 
units. The front part should be made of large and sound 
stone, not only for the sake of appearance, but also because 
the front is most strongly affected by the weather. 


75. Drainage.—Most soils have a smaller angle of 
repose, and consequently cause a greater pressure on the 
wall, when thoroughly dry than when slightly damp; but, if 
saturated with water, they become not only heavier, but 
semifluid, and cause a much greater pressure. If a large 
retaining wall in a wet place is carried down to a subfounda- 
tion on impervious material, the escape of the water in the 
backing may be cut off and such an increase of pressure may 
follow. Care must be taken to avoid this danger by proper 
drainage, which may be effected by openings, called weep 
holes, through the wall. Weep holes are also sometimes 
provided to keep the water out of joints and seams in the 
wall itself. : 


76. Sea Walls.—As the earth behind a sea wall is gen- 
erally saturated, it is heavier than the same filling would be 
if dry, and also naturally assumes a flatter slope (perhaps 
even nearly level); its pressure on the wall is greater and 
requires a greater thickness of masonry than would be 
necessary for an ordinary retaining wall. 


77. Buttresses.—Buttresses are comparatively costly, 
and are seldom justified in the construction of ordinary 
retaining walls. Fora very high wall, however, if economy 
of construction is the all-important factor, they may be used 
to advantage. As the extra cost per unit of volume is chiefly 
in the forms when concrete is used, a less height of wall may 
favor the use of buttresses with this material than where 
stone must be cut for all the extra angles of the buttresses. 
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The difficulty of satisfactorily bonding a buttress to the 
main wall, and generally the unsightliness and waste of 
room, add to the reasons for.their rare use. Buttresses are 
sometimes used to stiffen old walls that have shown signs 
of impending failure. 


78. Relieving Arches.—Masonry may sometimes be 
saved in retaining walls by the use of relieving arches 
(see Fig. 27). In this design, a series of transverse arches 
carry the earth, while the face wall has very little or no load, 
and is of use chiefly to close the openings and give an appear- 
ance of an ordinary 
retaining wall. The 
structure as a whole 
must be able, with the 
aid of the earth lying 
inside the arches, to 
bear the pressure of 
the earth on the back; 
as the weight of the 
structure is less than 
if the arches were filled, the width of the base must be 
materially greater than would be required for an ordinary 
wall. 

Generally, the great expense of these arches far outweighs 
the saving of the material; but with the use of concrete, they 
may occasionally be advantageously employed for high walls. 
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CULVERTS 


INTRODUCTION 


1. Conditions to be Met.—Wherever the contour of 
the ground is such that the water even from a single storm 
will be dammed up by the embankment of a road, a source 
of danger to the bank is created, even if there is ordinarily 
no stream at the place. The magnitude of this danger varies 
with the nature of the mater‘al of which the embankment is 
made, with the amount and depth of the water, and especially 
with the relation of that depth to the height of the bank. If 
the water flows over the top of the embankment, the latter 
will quickly be washed away; and even at a considerably less 
depth, the material of the bank may become so softened by 
the water that it wili have little strength to resist the pres- 
sure of the water, and its usefulness will be otherwise 
seriously impaired. In addition to the danger of destruction 
of the embankment, there may be damage done by flooding 
adjacent lands; and, in general, abutters are not slow to take 
advantage of the slightest occasion for a claim of damage 
against a railroad company. 

To provide against these dangers, some way must be pre- 
pared for the passage of the water across the embankment. 
Where the possible volume of water is large, a bridge is 
usually necessary; where the volume is small, a culvert is 
sufficient. 

2. Definition.—A culvert is essentially a small bridged 
passage for the conveyance of water across the line of a rail- 
road or other way. 
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8. Location of Culvert.—The natural location of a 
culvert is usually at the lowest part of the embankment in 
which the water tends to collect. This is generally also the 
widest part of the embankment. Frequently, a culvert may 
be located at a slightly higher point, allowing the water to 
collect to a small depth before being carried away by the 
culvert, it being expected that the silt and débris brought 
down by the stream will soon raise the level of the ground 
to that of the bottom of the culvert. This will allow the use 
of a shorter culvert than would be required if the culvert 
were constructed at the lowest point; besides, a site may 
be selected that affords a better foundation. 


4. Care must be exercised in the location of a culvert, 
lest the safety of the bank or other property be endangered, 
and lest opportunity be given the abutters for damage claims, 
either for flooding their land or for changing its surface, or 
possibly for the diversion of a natural stream. This danger 
of damage claims is not confined to the up-stream side of 
the bank, but is equally likely to exist on the lower side. 
Neither is the danger of such claims (which are upheld by 
the courts) necessarily governed by the actual damage done, 
for common law gives landowners a right to allow no inter- 
ference with the processes of nature so far as it may affect 
their land. Actually, it might be a matter of indifference or 
even an advantage to an abutter to have the channel moved 
50 feet to one side or the other, or to have soil deposited on 
or taken from his land; but if he objects to these alterations 
of natural conditions, his claim for damages will hold. The 
engineer should be careful not to divert a stream from the land 
of one owner to that of another, lest the one consider himself 
injured by receiving what the other claims to be injured by 
losing. For these reasons, it is seldom advisable to change 
materially the natural location of aculvert. The culvert, how- 
ever, may be made to cross the line of the road at right angles, 
instead of on a skew, thus saving considerable expense. 

Easy approach to the inlet of the culvert is necessary, 
especially where the volume of water is likely to be large or 
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the velocity great, in order that the channel may not become 
clogged or the water force a passage by some other way. 


5. Culvert Avoided.—A culvert may sometimes be 
avoided altogether, or one culvert made to take the place of 
two, by excavating a ditch through a ridge separating two 
valleys. This plan is especially good where the general trend 
of the slope is parallel to the line of the road and is simply 
broken by a small spur or hill reaching just across the line. 


6. Blind Drains.—Where the volume of water is very 
small, so that no danger to the bank or adjacent property 
need be feared, blind drains may be made by filling with 
loose rock, and allowing the water to percolate through the 
bank. These drains usually silt up, and soon become tight; 
but in the meantime the bank becomes more compact and 
less liable to injury. 


CLASSIFICATION AND MATERIALS 


TYPES OF CULVETS 


7. Culverts are divided into four general classes; namely, 
open, box, arch, and pipe culverts. 


8. Open culverts consist of abutments, with possibly 
one or more intervening piers, on which stringers or beams 
rest. These culverts, which are practically small bridges, 
are used where the depth of fill is insufficient to allow of a 
cover with filling over the top. The objections to them are 
the danger arising from their being open, and the interrup- 
tion they cause in the smoothness of riding, on account of 
the fact that vehicles, in crossing them, pass from the ballast 
to a rigid support at the abutment, then to the elastic struc- 
ture forming the bridge, then to another rigid support, and 
then to the ballast again. These successive changes are the 
more objectionable because they occur within a very short 
distance. 

The abutments for open culverts are designed by the same 
rules as those for longer bridges, as explained in Bridge 

ILT 316—11 . 
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Piers and Abutments. The stringers are designed as for 
small bridges. 


9. Box culverts, Fig. 1, have side walls W, W sup- 
porting a horizontal covering C over which the fill is made. 
The bottom of the water- 
way O is usually paved. 
Box culverts are generally 
built of stone or wood, 
although concrete, usually 
reinforced with steel, is 
sometimes used. 


10. Arch culverts 
are similar to box culverts, 
except that the horizontal 
roof is replaced by an 
arched cover, and the side 
walls are designed to resist the thrust from the arch. 
Arch culverts may be used for much larger openings than 
box culverts; in fact, the limit of practical construction 
with an arched roof is far beyond the limits within which the 
name culvert is generally used. At present, arch culverts 
are most frequently made of concrete, either plain or rein- 
forced, although wood and rubble-stone masonry have been 
employed. Cut-stone masonry is also used for arch con- 
struction, but generally only for larger openings. 
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11. Pipe culverts are made by laying pipe either 
directly on the soil or in a bed of concrete. Pipes with 
as large a diameter as 5 feet have been used for this pur- 
pose. Pipe culverts are deservedly growing in popularity 
for small openings, because of the ease of construction, of 
the large amount of water they can convey, and of their 
small cost. They are generally made of cast iron or vitrified 
terra cotta. 


12. Multiple Culverts.—The greater number of cul- 
verts have only one opening, and are known as single 
culverts. Frequently, however, a larger waterway is 
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required than would be practicable for a single opening, with- 
out changing the character of the structure; in that case, sev- 
eral walls are built to support the roof, and the space between 
each two walls forms an opening for the culvert. Such cul- 
verts are called multiple culverts, the special names double 
and triple culverts applying, respectively, to two and three 
openings. 


MATERIALS 


13. Terra Cotta.—Vitrified terra cotta is extensively 
used for pipe culverts, but is easily broken either by a blow 
or by a steady load. The breakage of pipe in transportation 
and handling is an important factor in the cost of culverts of 
this material. Being made in short lengths, the pipe yields 
readily to uneven settlement when laid on a soft foundation, 
thus reducing the breakage that might occur after laying 
if the lengths of pipe were as great as with cast-iron pipe. 
This uneven settlement, however, creates extra stresses ot 
unknown magnitude. The settlement is also liable to open 
the joints or to cause water to collect in the low parts, where 
it may freeze and burst the pipe. 

When terra-cotta pipe is used for culverts, it should be 
made thicker than would be necessary for sewer pipes, which 
are generally laid in trenches dug for the purpose, where 
little settlement is possible. Moreover, in sewer work the 
filling naturally arches over the top of the pipe, transferring 
much of its weight to the firm earth that has been undis- 
turbed, and relieving the pipe accordingly. For culverts in 
a new fill, this relief is not to be expected. 


14. Iron and Steel.—Cast iron is largely used for pipe 
culverts, and is superior to terra cotta, because it is stronger 
and less friable. With proper care in laying to prevent 
uneven settlement, cast iron makes a very durable culvert, 
provided that the depth of fill is sufficient to take up the 
impact from the trains. Wrought iron and steel have been 
used to some extent, but the corrosion of both these mate- 
rials in the soil is rapid, and their use cannot be recommended. 
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Considerable settlement may take place with an iron-pipe 
culvert without danger to the structure, provided that there 
are no abrupt changes in the support given to the pipe. Iron 
pipe in 12-foot lengths is very convenient for the construction 
of small culverts. 


15. Timber.—In districts where stone is scarce and 
timber plentiful, wood is often used in making culverts, 
generally in the single- or double-box form. Timber cul- 
verts, however, are usually but a temporary expedient, and 
are frequently replaced by pipe or concrete after the road is 
opened for traffic and the timber has begun to decay. A 
timber culvert may last from 4 to 12 years before it needs 
renewing, the period depending on the character of the soil 
and climate, as well as on the kind and condition of the tim- 
ber used. To allow for the decay of the timber, 2 or 3 inches 
extra thickness of wood should be provided. Timber has 
been used to some extent for arch culverts, but the conditions 
favoring this construction are infrequent. 


16. Stone Masonry.—Where good stone can be easily 
and economically obtained, it is the favorite material for 
culvert construction. Unless the span is too long, the use 
of this material naturally suggests the box form, either single 
or double. Generally, a very low grade of material and 
workmanship has been used for this construction, and often 
the stones are laid dry (without mortar). Although there is 
no reason for the use of first-class stone, dressed with the 
care desirable for bridge piers and abutments, the use of 
poor stone is likely to prove a false economy, for a large 
expense is involved in repairing a break in a culvert, 
especially if the bank is high. Stone with seams should 
be particularly avoided for the cover, on account of the 
transverse stresses to which the roof is subjected. No stone 
whatever should be used that is likely to disintegrate in 
water. A great many failures of stone box culverts have 
been due to disintegration, or to the use of seamy cover 
stones. If stratified stone, however faint the stratification 
may be, is used, it should be laid on its natural bed, with the 
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strata horizontal, whether the stone is placed in the walls or 
in the cover. 


17. With the present low prices of Portland cement, 
there is no real economy either in laying stone culverts 
dry or in using natural cement. Mortar composed of good 
material renders the structure, to some extent, monolithic, 
and therefore stronger; the whole structure thus becomes a 
unit instead of being made up of numerous units, each sub- 
ject to settlement or stress without help from the adjacent 
units. 

Although there are some natural cements that show 
good qualities, and under certain conditions may be as 
satisfactory as some brands of Portland cement, natural 
cement, being less uniform, is more uncertain, and a richer 
mortar should be used with it than with Portland cement. 
A 1:2 natural-cement mortar is commonly used as equi- 
valent to a 1:3 Portland cement. Natural cement should 
never be used in freezing weather; good brands of Port- 
land cement may be used, with proper precautions, in 
weather considerably below the freezing point. In such 
temperatures, or when such temperatures are expected before 
the mortar can set, salt should be added to the water with 
which the mortar is mixed. A rule that experience has 
proved satisfactory is to use 1 pound of salt to 18 gallons 
of water, for a temperature of 32° F., with an additional 
ounce of salt per 18 gallons for each degree below 32°. 
The proportion of salt should be based on the coldest 
weather expected between the time of mixing and the time 
of setting. 

If the temperature is below freezing at the time of mixing, 
both the water and the sand should be warmed sufficiently 
to prevent all possibility of the freezing of the mixture before 
it is in place and past all danger of disturbance by the laying 
of stone on or near it. It is also important that the sand 
used should be clean, so that every grain of it will be entirely 
covered with cement. 
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CONCRETE 


18. Plain Concrete.—Concrete, either plain or in 
combination with steel, is growing greatly in favor as a 
material for culvert construction, even frequently supplanting 
stone in regions where the natural conditions are especi- 
ally favorable to the use of the latter material. Several 
causes have contributed to effect this change; namely, the 
low prices of cement and stone suitable for concrete, the 
ease and economy of transportation, the ease of handling 
and construction, and the fact that most of the work can be 
done by unskilled labor. To these advantages must be 
added the fact that concrete offers less resistance to the flow 
of water and catches less drift than a stone surface, thus 
materially increasing the capacity of the culvert for a given 
area. 

What was said in Art. 17 regarding the selection of cement 
and sand for mortar, and the treatment of the ingredients 
in cold weather, applies with greater force to concrete 
culverts; for in stone masonry, if the cement is deficient, 
the structure will still have a greater or less stability, while 
with concrete the cement is the essential element, without 
which there would be nothing but a pile of stone and sand. 


19. None but strong and hard stone should be used in 
making concrete for culverts, and it is preferable that the 
stone should be angular, because such form furnishes a better 
bond and better grip to the cement. ‘“‘Crusher-run”’ (that is, 
stone broken to assorted sizes, just as it comes from the 
crusher, without screening) is more economical than stone of 
uniform size, and gives greater strength for the same 
nominal proportions, because the smaller stones partly fill 
the voids between the larger ones, leaving more cement 
to thoroughly coat the surfaces of the sand and stone, and 
make the bond more perfect. 

Plain concrete lends itself readily to the arch form of 
culvert, for no cutting is required, as for stone. The cost 
is slightly increased by the price of forms; but, as they 
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may be used repeatedly, the extra cost they involve is of 
comparatively little moment. 


20. Reinforced Concrete.—For culverts, as well as for 
other structures subjected to bending stresses, reinforced 
concrete is preferable to plain concrete. In reinforcing the 
concrete with steel, the latter is so placed that it will resist 
the tension only, and the concrete the compression only, to 
which the structure is subjected. 

The use of reinforced concrete permits of larger culvert 
openings than would be economical with either plain concrete 
or stone; so that a single larger opening may frequently take 
the place of the double culvert that might be the economical 
design with the use of either of the latter two materials. 

Concrete is strongly alkaline, and so serves as a protector 
from the corrosive elements that tend to destroy the steel. 
Though, of course, greater safety is insured where there are 
no cracks in the concrete, so that no air will reach the steel, 
it is very probable that, unless the width of a crack is large 
compared with the depth, the air so reaching the steel will 
be attacked by the concrete and lose its corrosiveness. 


21. Several styles of reinforced-concrete culverts have 
been built, both with arched and with flat roofs. With small 
. spans, however, and with the usual depth of fill above, the 
possibility of great tensile stresses developing in an arch is 
_so remote that reinforcement is not necessary in concrete arch 
culverts. Small rods, wire netting, and expanded metal are 

sometimes used for the purpose of preventing cracks in the sur- 
face. Longitudinal reinforcement in the invert may be con- 
ducive to economy and strength where the toundation is soft. 

In flat-top or box culverts of reinforced concrete, the, rein- 
forcement consists of old rails or I beams, or of rods, wire 
netting, or expanded metal. Steel rods or bars are either 
employed in their usual form, or are twisted, corrugated, or 
in some other way prepared so as to form shoulders in the 
metal to give the concrete a firmer grip than that offered by 
the simple adhesion between the concrete and the metal. 

When reinforced concrete is used, the walls and pavement 
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are also generally made with the same combination of 
materials. Plain-concrete walls are frequently combined 
with a reinforced-concrete cover. 


22. Most of the methods of combining steel and concrete 
being patented, the engineer should make sure of his right 
to use the form of construction he wishes to adopt. Generally, 
this requires simply the purchase from the patentee of the 
form of steel to be used, the royalty for its use being included 
in the price of the steel. In some cases, a patent covers 
only the method of using simple materials to be purchased 
in the open market, and the right to employ that method 
must be obtained, by purchase or otherwise, from the 
patentee. Some patent claims conflict with one another, 
and the designer, in order to avoid trouble, should investigate 
the matter thoroughly. 


GENERAL PRINCIPLES OF DESIGN AND 
CONSTRUCTION 


SIZE OF WATERWAY 


ELEMENTS DETERMINING THE SIZE OF WATERWAY 


23. The size of the opening, or waterway, of a culvert 
is determined by the maximum amount of water that may | 
pass through it in a given time, and also by the character of 
the culvert itself—its approaches and outlet. 

The factors governing the volume of water that may pass 
through the culvert in a given time are: (1) the drainage 
surtace covered, including: (a) its area, (4) its shape, and 
(c) its watercourses; (2) the vate of rainfall: (a) for a brief 
interval, and (4) for a longer period, also (c) the accumula- 
tion of snow; (8) the character of the soil, including: (a) the 
formation of the soil, and (4) the vegetation; (4) the natural 
slope of: (a) the bed of streams and rivulets contributing to 


the flow through the culvert, and (4) the surface of the land 
adjacent to these streams, 
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24. Drainage Surface.—With other factors unchanged, 
a larger culvert is required where a large than where a small 
drainage area is covered; but, for several reasons, the 
required waterway is by no means proportional to the area 
drained, even if other factors remain unchanged. In the first 
place, a larger rainfall per unit of area may be expected 
onasmall surface than on a large one. In the second place, 
the conditions governing the speed of run-off being the 
same, it takes longer for water from the extremities of a 
large area to reach the culvert than from the extremities 
of asmall area. Therefore, unless the storm is prolonged 
and remains of uniform intensity, the water from those parts 
of a large area that are near the culvert runs off before the 
water from the remote parts reaches the culvert. There 
will be less danger of the accumulation of water from a long 
and narrow drainage surface than from a surface of equal 
area but of more nearly square or circular form. In the 
third place, not all the rainfall is included in the surface dis- 
charge, and much that eventually reaches the culvert is 
retarded by being temporarily absorbed by the ground. 
This prolongs the time during which the storm water reaches 
the culvert, and reduces the amount to be discharged in a 
certain time. Finally, as water flows more freely when 
gathered in streams than when flowing over the surface of 
the ground or percolating through it, the water from a storm 
reaches the culvert sooner where the basin has many water- 
courses. The distribution of these watercourses in the basin 
should also be considered. 


25. Rate of Rainfall.—In designing a culvert, provi- 
sion must be made for the severest storms. In many locali- 
ties, few data are available to indicate the maximum rainfall; 
and, where records have been kept, they frequently give only 
the daily precipitation, and usually cover comparatively few 
years. Fora culvert draining a large area, the figures from 
these records may be a reasonable guide for determining 
the required waterway. It must be kept in mind, however. 
that the severity of a storm varies not only for different 
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places within a given area, but at different times during the 
storm. Of a storm lasting a full day or more, one-half the 
rain may fall in one hour, or even in a few minutes. 


26. In cold latitudes, the accumulation of snow that may ~ 
be melted by a warm rain is of much importance in its rela- 
tion to culverts. As the spring rains are frequently the most 
severe, and also release the accumulations of the winter’s 
snow, it is generally at that season that a culvert is most 
taxed, especially if the surface of the drainage area is bare 
and frozen. 


27. Character of Soil and Vegetation.—The nature 
of the soil, and the quantity and character of the vegetation 
in it, have a considerable effect on both the velocity and the 
amount of water that reaches the culvert. Rocky or porous 
soils without vegetation allow a larger and more rapid flow 
than clay or loam soils covered with vegetable growth. 


28. Slope of Ground and Streams.—If the courses of 
the brooks and rivulets are rapid and the surface of the 
adjacent ground is steep, the flow of a stream and the veloc- 
ity of its discharge are greatly increased. If the more 
distant parts of the valley are precip‘tous and open, while 
those nearer the culvert are flat and covered with vegetation, 
the rain falling on all parts will reach the culvert more 
nearly at the same time than if the ground in the neighbor- 
hood of the culvert is steep and otherwise adapted to easy 
and rapid flow. 


29. Character of the Culvert and Immediate Sur- 
roundings.—The required waterway depends to a great 
extent on the character of the culvert itself and of its 
immediate surroundings. A steep grade in the culvert 
increases the discharge. The roughness of the inner sur- 
face of the culvert is another very important factor: the 
smoother that surface, the less is the danger that the culvert 
may be clogged with drift, and the less the resistance of 
friction, as well as the resistance caused by eddies. The 
position and shape of the inlet are aiso of importance; they 
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should be such that the water will form no eddies on reach- 
ing the culvert. Of equal or greater importance is the 
outlet, for no more water can pass through a culvert than 
can run out of it. 


30. If the water can be allowed to back up, so that it 
will flow through the culvert under a head, the volume that 
can be passed through a culvert of given size and character 
is greatly increased. It is not always possible, however, 
to allow this backing up of the water without danger of 
damage to adjacent property or to the embankment itself 
through which the culvert passes. 


FORMULAS FOR SIZE OF WATERWAY 


31. Introductory Remarks.—A theoretically perfect 
formula for determining the size and shape for the opening 
of a culvert would take account of all the factors mentioned 
in Art. 233 but a knowledge of the effect of some of these 
factors is not yet sufficiently exact to make such formula 
possible. 

It is not practically worth while to make an exhaustive 
study of all the-conditions and records in order to reduce 
the size of opening to the minimum size that is consistent 
with safety. The conditions may be different in the future 
from those that have existed in the past, and the expense of 
an exhaustive study may exceed the extra cost of a more 
liberal design. It is seldom advisable to reduce the size 
to the very last inch given by formulas; for those formulas 
are but approximations founded on uncertain data and 
assumptions. 


82. The formulas most commonly used for determining 
the size of culverts take account only of: (1) the area and 
form of the drainage surface; (2) the character of the soil, 
including vegetation; and (3) the slope of the ground. They 
are mainly empirical, and serve only as general guides. 

Where sudden and severe storms are common or likely to 
occur, proper allowance must be made. In this, the engi- 
neer must use his judgment. Generally, very arid regions 
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are so flat and their soil is so porous that no culverts what- 
ever need be provided. 


33. Myer’s Formula.—The formula most generally 
used for determining the waterway for a culvert was con- 
‘ structed by E. T. D. Myer, and is as follows: 

A=cvM 
in which A = area, in square feet, of required opening; 
M = area of drainage basin, in acres; 

c =a coefficient varying with slope of ground, 
character of soil, and amount and character 
of vegetation. 

The following are the values of c commonly used: ¢ = 4 
for mountainous and rocky ground without vegetation; 
c= 1.5 for hilly ground covered with verdure; and ¢c = 1 
for slightly rolling prairie. 


EXAMPLE.—What size of culvert with a rectangular opening is 
required for an outlet for a drainage basin 4,000 feet long and 
averaging 900 feet in width, the ground being hilly and under 
cultivation? 


SoLution.—Substituting in the above formula 1.5 for ¢ and 


sot for 1, 


43,560 7 
“ [4,000 x 900 _ 


A box culvert 34 ft. x 4 ft., whose area is 14 sq. ft., might be used, 
but generally there is no intermediate size for box culverts between 
3 ft. x 4 ft. and 4 ft. X 4 ft., so that a culvert with a 4-ft. square 
opening would be used in this case. Ans. 


34. Talbot’s Formula.—A later, and generally more 
satisfactory, formula has been derived by Prof. A. N. Talbot, 
of the University of Illinois. The significance of the sym- 
bols A, M4, and ¢ are as in Myer’s formula, but Professor 
Talbot gives the following values for c when used in his 
formula (note that the substitution of these values for ¢ in 
Myer’s formula would not be permissible): ¢ = % to 1 for 
steep and rocky ground; c = 3 for rolling agricultural country 
subject to floods at times of melting snow, and with the 
length of valley three or four times its width; c = + to + for 
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districts not affected by accumulated snow, and where the 
length of the valley is several times the width. 
Talbot’s formula is as follows: 


A=cVM 


EXAMPLE.—What size of culvert would be required, according to 
Talbot’s formula, for the same conditions as in the example in Art. 33, 
with probabilities of floods at times of melting snow, and valley of 
moderate length? 


SoLuTION.—These conditions suggest a value of c, for use in this 
formula, of 3. Substituting known values in the formula, 
_ 1.4{ (4,000 X 900\° _ 
A= 24/( 43,560 ) = 13.7 sq. ft. 
This agrees closely with the result by the use of. Myer’s formula, 
and a 4-ft. square opening may be used. Ans. 


35. Comparison of Formulas.—Table I gives areas 


of waterway as computed both by Myer’s and by Talbot’s’ 
formulas: 


TABLE I 
Steep and Rocky Rolling Prairie 
Drainage Square Feet Square Feet 
Area an 
ae M | Talbot M Talbot 
yer albo yer albo 
I 4.00 .67 to 1.00 1.00 yl etOness 
10 12.65 2.75-tO 5,02 | 3.16 .94 to 1.87 
100 AO.00.| 21-10'tO 31.00 + | 10.00 5.27 to 10.54 
1,000 | 126.00 | 119.00 to 178.00 31.60 | 29.60 to 59.30 
10,000 | 400.00 |667.00 to 1,000.50} 100.00 | 167.00 to 333.00 


It will be noticed that Myer’s formula gives larger open- 
ings when the drainage area is less than from % to 2 square 
miles (according to whether the smaller or the larger coefh- 
cient is used with Talbot’s formula), while for greater basins 
Talbot’s formula gives larger results. In applying Myer’s 
formula for large basins, considerable liberality should be 
used, especially if the upper part of the valley has steeper 
slopes than the part nearer the culvert. 
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For a general formula, Professor Talbot’s seems more 
satisfactory and suited to a larger range of conditions than 
Myer’s, but with small basins it would seem wise to provide 
a considerably larger opening than the formula calls for. 
This increase in size would be adopted as much because 
the increased cost is slight, compared with the increased 
safety, as because the figures seem unreasonably small. It 
should be borne in mind that both Myer’s and Talbot’s for- 
mulas are but rough approximations, and are intended, as 
Professor Talbot himself says, ‘““more as a guide to the 
judgment than as working rules.” 


PRACTICAL METHOD 


86. The waterway of most culverts is determined by 
the so-called “‘practical method,’’ and not by any formula. 
This method consists in a study, made on the ground itself, 
of all the conditions, and a comparison with culverts built 
under similar conditions. An experienced engineer can in 
this manner estimate very closely the duty that the culvert 
is to perform, and decide on its dimensions accordingly. 

In studying the ground, note should be taken of the past 
high-water marks, of the cross-section that the stream must 
have had at such times, and also of whether the current 
seems to have been rapid at the time of high water. Signs 
of erosion and drift are helps in this study of the ground; 
existing openings, if any, should also be noted, and the 
“oldest inhabitant” should be interviewed. All these signs 
(except the last) are liable to be underestimated; so a 
liberal allowance should be added to what they would seem 
to indicate. If the line is through new country, it should 
be kept in mind that, as the region is built up and forest 
and other vegetation is decreased, a larger and more rapid 
run-off is to be expected. 

In designing culverts, it is well to remember that one 
washout of the bank will cost much more than the increased 
cost of a larger culvert, even disregarding the delay to 
traffic that would result, and the possible loss of human life. 
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For practical reasons, no covered culvert should be built 
less than 2 feet wide by 3 feet high, because of the danger 
of clogging up and the difficulty of effecting the consequent 
clearing out. 


COVERS OF BOX CULVERTS 


387. Formula for Thickness.—The thickness of cover 
required for a box culvert is governed by: (1) the amount 
and character of the load it must bear; (2) the span, or 
width of opening; (8) the transverse strength of the 
material of which the cover is composed. 

The required thickness may be determined by the formula 


aoe ae We 
47,R 
in which ¢ = thickness of cover, in inches; 

W = weight, in pounds per square foot, of uni- 
formly distributed load (or the equivalent 
distributed load if the loads are concen- 
trated); 

Z = effective span, in feet, which may ordinarily 
be taken as 14 times the clear opening; 

R = modulus of rupture of the material used, in 
pounds per square inch; 

j. = reciprocal of factor of safety (7,R = safe 
intensity of stress in bending, in pounds per 
square inch). 


388. Loads.—The load to be carried is the weight of the 
bank above the cover and the heaviest load (usually a loco- 
motive) that is likely to be on the bank, with tke proper 
allowance for the effect of impact and imperfect distribution 
of the load. The weight of materials of which such banks 
are usually composed varies from 75 pounds per cubic foot 
for dry loam to 140 pounds per cubic foot for quartz sand 
thoroughly wet, probably seldom reaching either of these 
extremes for the average of the whole height of embank- 
ment; it may generally be taken with safety as 125 pounds 
per cubic foot. 
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The weight on the drivers of the heaviest locomotive in 
common use may be taken as 50,000 pounds per axle, with 
axles 5 feet on center, or an average of 10,000 pounds pe1 
foot of track. Though the rails and ties do not make a per- 
fect distribution of this load, a few feet depth of fill will 
probably distribute the load over a width of at least 10 feet, 
making 1,000 pounds per square foot, and absorb the effect 
of impact. This load may be safely used for the design 
of culvert covers if the height of bank is 10 feet or more. 
With a lower bank, the distribution of the live load will be 
less perfect, and the effect of impact will be greater; so that 
it will be advisable to design the cover as if the actual height 
of the embankment were 10 feet, with the distribution of the 
live load as before. This will give for W, in Art. 37, a 
value of 2,250 pounds per square foot, being the sum of the 
live load (1,000 pounds per square foot) and the weight 
(125 x 10) of the assumed embankment. It should be under- 
stood that this height of embankment is assumed merely for 
the purposes of calculation. 

Though it is not explicitly acknowledged by engineers, it is 
the generally accepted opinion, which accords with common 
practice in dimensioning, that the arching over of the mate- 
rials of the bank effects a considerable reduction in the stress 
developed in the cover, and that a cover calculated for the 
full load of a 10-foot bank and a live load as just given will 
be ample for any depth of fill, unless the bank is composed 
of sand or soft clay. Sand, when either dry or thoroughly 
wet, has very little tendency to arch over; when moderately 
damp, it will do so. Accordingly, a load of 2,250 pounds 
per square foot may be used, except when the bank is com- 
posed of sand or soft clay. 


39. Working Stresses.—The modulus of rupture of 
different stones used for culvert work varies greatly, even 
for apparently perfect and uniform stone of the same class. 
The variation, in pounds per square inch, is from 900 to 2,700 
for granite, with an average of 1,800; 550 to 2,400 for sand- 
stone, with an average of 1,250; 200 to 2,500 for limestone, 
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with an average of 1,500; and 400 to 4,500 for bluestone 
flagging, with an average of 2,700. 

It is not safe to use so large a modulus of rupture as the 
average, unless a larger factor of safety is also used. With 
proper care in culling out all stone showing defects, it is 
safe to use, for working stresses (= 7,, or the modulus 
of rupture divided by the factor of safety), 450 pounds per 
square inch for granite or bluestone flagging, and 250 pounds 
per square inch for sandstone or limestone of good quality. 
By substituting the values given, namely: 

W = 2,250 (unless the fill is of sand or soft clay, in 
which case 125 pounds per square foot should 
be added for each foot of depth of fill over 
10 feet); 

“R= ee for granite or bluestone, 
Js = 1250 for good quality of sandstone or limestone; 
we have, for granite or bluestone, 
3 X 2,250 7” 
Liz Tee ee 1.94 7 (1) 
and for sandstone or limestone, 
o> 2.250: 7 : 
=,/ X2POL 2.6072 (2) 

40. It is customary to make the thickness of the cover 
stone for box culverts equal to one-fourth the width of 
opening (or 3 inches per foot) for granite, and one-third 
(or 4 inches per foot) for sandstone and limestone; this 
makes an allowance for the spaces between cover stones. 
Bluestone makes a very good cover for small openings, but — 
can seldom be obtained in good condition large and thick 
enough for large culverts. 


41. Materials for Covers.—Cover stones should have 
a good level bearing on each wall of not less than their 
depth, with a minimum of 12 inches. Covers are often laid 
with open joints between the stones, it being claimed that 
this facilitates the drainage of the fill above. This construc- 
tion, however, is objectionable, because it tends to cause 
clogging of the culvert. 

ILT 316—12 
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42. Hard-pine timber used for culvert covers is subject 
to rapid decay, and at least 3 inches extra thickness should 
be allowed for it, with an intensity of stress of 800 pounds 
per square inch for the remainder of the timber. 


48. Plain concrete is not generally used for the coverings 
of box culverts, because, for a given size of opening, an arch 
is stronger andnot more expensive. Plain concrete may, how- 
ever, be used with working stresses of 150 pounds per square 
inch for a 1:2: 4 concrete, or 75 pounds per square inch for 
a1:38:6 concrete (a good brand of Portland cement with 
proper sand and broken stone or gravel being used). 

For good concrete reinforced with rods of mild steel, well 
designed and properly mixed and placed, the working stresses, 
in pounds per square inch, may be 12,500 to 15,000 pounds 
tension on steel rods; 625 pounds compression on concrete for 
a1:2:4 mixture; and 500 pounds compression on concrete 
for a 1:3: 6 mixture. 


SIDE WALLS OF BOX CULVERTS 

44, The thickness of the side walls of box culverts 
should, theoretically, be determined by the same rules 
that are applicable to retaining walls, but the effect of the 
bank over the top of the culvert must be kept in mind. The 
resistance to the horizontal thrust from the surcharging bank, 
given by that portion of the bank which is on the other side 
of the culvert and lies above the cover, greatly reduces the 
thickness of the wall required from what would be needed at 
the bottom if the wall were carried up to the top of the fill. 
Experience indicates that the thickness of the side walls of 
culverts, with nothing to serve as bracing to hold them apart 
either at top or bottom, should not be less at the top than 
one-half the height of the culvert, nor at the bottom less than 
two-thirds that height. 

In timber culverts, the walls not being designed to resist 
by their weight the thrust of the bank, as must be done with 
stone culverts, it is very important that the walls should be 
securely drift-bolted together, as well as to the pavement 
(or sills) and the roof. With walls properly so drift-bolted, 
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the side walls may be made of a uniform thickness of one- 
fourth the height of the culvert, with 2 or 3 inches additional 
for decay. 


45. In stone culverts, all the stone in the side walls 
should be sound, roughly squared, and laid so as to be well 
bonded together. Not less than one-half of the top course, 
and one-quarter of the lower courses, should pass entirely 
through the walls; these through stones should be of good 
size and be selected especially for the duty of binding the 
wall together. 

In double or multiple culverts, the thickness of the partition 
wall should not be less than one-half the height, and must 
provide ample bearing for the ends of cover stones. All the 
top course and not less than one-half the bulk of the lower 
courses of these partition walls should be of through stones; 
generally, all courses may be through stones. 


DIMENSIONS OF ARCH CULVERTS 


46. Definitions.—The parts of an arch that are now to 
be defined are illustrated in Fig. 2. 

The span ad’ is the perpendicular distance between the 
faces of the walls A and A supporting the arch. 

47. The springs, or spring lines, are the lines of 
junction of the arch with the supporting walls; these lines 
run longitudinally with the arch, and are represented in the 
cross-section by the points a and 0’. 

48. The crown de is the central and highest part of 
the arch. 

49. The rise cd is the vertical height from the level of the 
spring lines to the lower face of the crown; it is the middle 
ordinate of the arc adJ/ forming the under face of the arch. 


50. The soffit is the lower concave surface of the arch, 
and is represented in the figure by the line ad’, The soffit 
is also called the intrados; the latter term is often applied 
to the line of intersection, as ad 0’, of the soffit with a vertical] 
plane normal to the axis of the arch. 
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51. The extrados is the outer convex surface of the 
arch, or the line of intersection of this surface with a vertical 
plane normal to the axis of the arch (the line se t’, or the 
surface of which this 
line is the projection). 
When the arch stones, 
or voussoirs, are dis- 
tinct from the span- 
drel filling, as is usual 
with stone arches, the 
joint uwev between 
the arch stones and 
the spandrels is more 
properly called the ex- 
trados. Even though 
the structure may be 
monolithic, the same 
imaginary surface or 
line is also so desig- 
nated for mathematical purposes. The term back is also 
applied to the extrados surface. 


Fic. 2 


52. The haunches are the parts of the arch lying 
between the crown and the springs. There is no definite 
division line between the crown and the haunch; the latter 
term may properly be applied to the part afsxw, or may 
be used for the whole area af sed to the center of the arch. 


53. The key is the central highest part of the arch. 
When the arch is composed of separate stones, the stone at 
the key is called the keystone. 


54. The term spandrel is applied to the space over 
the haunches of the arch and below the level of the top of 
the crown. In Fig. 2, wey and veh’ are the spandrels. The 
material occupying this space, whether of masonry or earth, 
is called the spandrel filling. The parts wesf and vet'g 
of the spandrel filling that are composed of masonry are 
called backing. 
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55. The invert is the zzverted arch il/k at the bottom 
of the culvert, and is subjected to stresses similar to those in 
the main arch, but in the opposite direction. The differ- 
ence 7/’ in level between the spring lines and the crown of 
the invert is called the dip or dish of the invert, and corre- 
sponds to the rise of the upper arch. 


56. Radius of Intrados.—Arches for culverts are 
usually made in the form of a circular arc. If the arc is 
semicircular, the arch is called a semicircular arch; if the 
arc is less than a semicircle, the arch is a segmental arch. 
The semicircular form is more common, although, theoreti- 
cally, the segmental form is the better form. 

The following formula gives the radius # of the intra- 
dos add’, Fig. 2: . 

Petes (1) 
2 Lox 
in which kt = rise cd; 
(/2—sSpan go. 
If the arch is semicircular, 


l 
Ri (2) 


57. Depth of Key.—The factors governing the thick- 
ness of an arch at the key and in the haunches are: (1) the 
amount and character of the load the arch must bear, which 
is the same as though the culvert were of box form (see 
Art. 88); (2) the span; (3) the rise; and (4) the compressive 
strength of the material of which the arch is made. These 
are the factors governing the thickness of an arch; but in the 
common formula for determining the depth of key, the load 
and the strength of material do not directly appear; how- 
ever, they were taken into account in selecting the constants 
contained in the formula. This formula, which is mainly 
empirical, was first suggested by John C. Trautwine in his 
well-known Pocketbook, and is now very extensively used; 


it is as follows: Preys 
vas 
cogs (1) 


ic = 4 Z 
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Here R and / have the same significance as in Art. 56, 
both being in feet; and A is the depth of key, in feet. If 


the arch is semicircular, R = . and the formula becomes 


= Mig (2) 


These formulas apply to first-class cut-stone arches. For 
second-class stonework, the results should be multiplied 
by #, and for rubble, brick, or concrete, by 3. 


EXAMPLE 1.—The span of an arch is 8 feet, and the rise, 1 foot 
9 inches; to determine the radius. 


SoLutTion.—Here, # = 1.75 and/ = 8. Substituting these values in 
formula 1, Art. 56, 
ee 8? 
eT ee 
EXAMPLE 2.—The span of an arch is 6 feet, and the rise, 1 foot 
6 inches; what depth of key should be used for second-class stone- 
work? 


= 0.45 ft. Ans. 


SoLution.—To apply formula 1, Art. 5%, we have / = 6’and 


a oS + Pasar = 3.75. Substituting in the formula and multi- 


plying by 2 for second-class work, 


K= ee +$ 
18 
4 


++ 2) = .96 ft., or1ll4 in. Ans. 


58. Thickness of Walls.—The thickness of the abut- 
ments, or side walls, of arch culverts required to resist the 


thrust of the arch may be found by the following formulas 
(see Fig. 2): 


Sr Tita (1) 
ef Le: 
b= Loe (2) 


in which 2, 4, and / have the same significance as in Art. 563 
/ represents the thickness, in feet, of the abutment at the 
level of the spring lines; and 64 is the thickness, in feet, of 
the abutment at a distance of z feet below the spring line. 
These formulas give the thickness of abutment necessary 
to resist the thrust of the arch. But if the thickness so 
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obtained for the bottom of the abutment is less than two- 
thirds the height of the wall to the spring line, it will be 
insufficient to resist the thrust of the bank, and the thickness 
at the bottom should be increased to two-thirds of the height, 
while the top should be thickened by the same amount. 

The required thickness of abutments is independent of 
the quality of masonry, except that, if voids exist, allowance 
must be made for them. 


If the arch is semicircular, R = 2 = s and formulas 1 


and 2 become, respectively, 


b= 5, + 2 (3) 
i zz 
A Nar (4) 


59. Batter.—vThe inner surface of each wall is made 
vertical; the back of the wall, inclined (see Fig. 2). The 
batter of the back is expressed as follows: In the vertical 
distance fz, or z, the back deviates from the vertical by the 
amount mn, or 6 —/?¢; therefore, the horizontal deviation /, 
in feet per foot vertical, is given by the equation 

eis b-—¢t 
zZ 
which, by inserting the value of 6 from formula 2 of Art. 58, 
becomes | 


Pat Le 
ior Qh st) 


For the batter z, in inches horizontal per foot vertical, 
we have 


A if ; 
be Oh (2) 

EXAMPLE 1.—What thickness at top and bottom is required for the 
wall of an arch of 6 feet span and 1 foot 6 inches rise, the walls being 
4 feet 6 inches high to the spring line? 

SoLution.—Here, A (as found in example 2, Art. 57) = 3.75 
Ah =1.5,l2 = 6, andz = 4.5. Then, using formulas 1 and 2, Art. 58, 


iO, Leo 
zt = +49 tT 4 == 2.9) ft. 


4.5 X 6 


AL =io,G0 tt. ANS: 


and 6=2.9+ 
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EXAMPLE 2.—What batter should be given to the back of abutments 
for arches of which the ratios of span to rise are: (a) 2? (6) 4? (c) 8? 


pene Z 
SoLution.—(a) Since the ratio of the span to the rise is 2, in 2. 


Y) 
Substituting in formula 2, z = 5 = 1 in. horizontal to 1 ft. vertical. 
Ans. 
aa: 5 od : 
(6) In this case, = 4, Substituting in formula 2, 7 = ea 2 in. 


horizontal to 1 ft. vertical. Ans. 


(¢) Similarly, 7 = ; = 4 in. horizontal to 1 ft. vertical. Ans. 


60. Thickness of the Haunches.—The thickness of 
the wall at the level of the spring line having been deter- 
mined, as well as the batter of the back, this batter should 
be continued upwards to a point s, Fig. 2, midway between 
the level of the springs and that of the extrados at the crown. 
From this point, the top of the haunches may be made a plain 
surface tangent to an extrados wev made concentric with the 
intrados from the crown to its intersection x with the said 
plain surface, the top taking the form indicated by the dotted 
line sxex't/. Itis customary (especially if concrete is used) 
for such small arches as are used in culverts to make the top 
a cylindrical surface, as indicated by the full line sed’; this 
takes but little extra material with so small an arch, and 
makes a better and more easily defined surface. 

If the structure is to be of stone masonry, the part out- 
side the line «ev may preferably be laid in horizontal courses, 
while the part inside this line should have the joints 
radial. The top surface should be smoothed off and made 
sufficiently water-tight, so that it will drain off. A troweled 
surface of wet concrete makes a good finish. 


EXAMPLES FOR PRACTICE 


1. What depth of key is required for a concrete arch culvert of 
12-foot span, with a rise of 2 inches per foot of span? 

Ans. 1 ft. 8 in. 

2. What is the radius of the intrados, and what the depth of key, 

for a circular arch culvert of cut stone, the span and rise being 10 

A : 3 : 
and 3% feet, respectively? Ane 5 ft. 3% in. 
Key, 1 ft. 
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3. What depth of key is required for a semicircular brick arch 
culvert having an 8-foot span? Ans. 1 ft. 24 in. 


4. In a concrete arch culvert of 12 feet span and 12 feet clear 
height at the crown, and having a rise of 2 inches per foot of span, 
what are the dimensions of the cross-section of the abutments? 


; Height, 10 ft. 
Ans. [hikes at spring, 4 ft. 23 in, 
Thickness at base, 6 ft. 8% in. 
5. What is the thickness of the walls at the spring line and at the 
base for a circular arch culvert of cut stone, the span and rise being, 
respectively, 10 and 3} feet, and the height of wall 6 feet? 


iad At the spring, 3 ft. 5 in. 
‘| At the base, 4 ft. 14 in. 


PAVEMENT 


61. A great many culvert failures are due to the under- 
mining of the walls by the scour of the water rushing through. 
To avoid this danger, a pavement should be provided. Too 
little care in paving is common because its importance is not 
sufficiently realized; frequently, wedge-shaped or pyramidal 
stones are used, with the natural result that the pressure at 
the sides (or the upward pressure from the bottom if the soil 
is soft) dislodges them, destroying the pavement and even- 
tually causing the ruin of the whole structure. Projections 
or irregularities in the upper surface may cause the lodging 
of drift and the clogging of the waterway, or give an 
opportunity for the drift to strike injurious blows. 

The pavement should be made impervious, for, if water is 
allowed to pass through it, it is likely to find a channel under- 
neath, either through voids already existing, or made by the 
softening or settling of the soil, and the scour proceeds as 
though no pavement had been laid. This danger is all the 
worse because it is out of sight and perhaps not realized. 
A casual inspection may reveal the trouble if a part of 
the pavement has been washed away, but underground 
watercourses may grow undiscovered. 

A culvert may last a long time with a poor pavement 
or with no pavement, but the greater safety afforded by a 
good pavement is well worth its cost. 
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62. Cross-Walls.—As the velocity, and therefore the 
scouring action, of water is greatly diminished by a barrier 
that changes the direction of flow, cross-walls, also called 
cross-sills, are built at intervals under the culvert, extend- 
ing from one side wall to the other.. A cross-wall may 
frequently cause a cavity to fill up when otherwise a 
dangerous underground channel might form. Cross-walls 
are especially desirable if the culvert is long or has a steep 
grade. ‘These walls should be made of large stone, with the 
top level with the top of the pavement, and their base at 
least 1 foot below the pavement. 


63. Aprons and Apron Walls.—The danger of under- 
mining is greatest at the ends of the culvert: at the upper 
end, before the water has been confined; and at the lower 
end, where the soil may be easily carried away by the stream. 
To prevent the scour from starting at these two points, the 
pavement is carried beyond the ends of the culvert at least 
as far as the wing walls extend, and farther if necessary for 
protection. ‘This extension of the pavement is known as the 
apron. At the end of the apron, a cross-wall, called an 
apron wall or a curb wall, is built. If the apron is carried 
beyond 'the ends of the wing walls, an apron wall should be 
laid not only at the end of the apron, but also under the ends 
of the wings. If there is much fall to the ground surface 
below the mouth of the culvert, or if water stands about it, 
riprapping may be required for the safety of the culvert, 
as well as for the protection of the bank. 


64. Stone Pavement.—Stone pavements should be not 
less than 12 inches deep. The stone should be sound, with 
nearly vertical sides, and nearly uniform in depth and trans- 
verse dimensions. Large stones are desirable for paving, 
but the allowable depth should not be reduced when they 
are used. The pavement should always be laid in mortar, 
or else it should be grouted after the stone is placed. This 
is more important for the pavement than for the walls and 
cover, especially when the foundation is soft or of a fine 
material. 
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Engineers differ as to the best design for pavements for 
stone box culverts: some prefer to excavate to a uniform 
depth and extend the pavement under the side walls; while 
others carry the walls deeper than the pavement, and pave 
only between the walls. The former plan makes the pave- 
ment an integral part of the structure, and reduces the 
danger of cracks being formed at the face of the walls where 
the walls join the pavement; when such cracks are formed, 
water runs through them and undermines the structure. 
The other design reduces the danger from frost, and fre- 
quently affords a firmer foundation. 


65. Concrete Pavement.—In concrete culverts, 
especially in arch culverts, the pavement is usually made 
of the same material and with an invert; this pavement is 
readily made, and combines the advantages of the two plans 
described in the last article. 

The form of the invert offers as much opportunity for 
variety as the roof arch itself—from a perfectly flat surface 
to a semicircular form. When the invert is made in the form 
of a circular arc, its thickness at the center may be determined 
by the formula used for an upright arch, by substituting the 
dishing of the invert for the rise 4 of the arch, and multiply- 
ing the result by from 3, for a very firm foundation, to 1, 
for a soft foundation, according to the nature of the founda- 
tion. For an average foundation, multiply by #. 


66.. Considering the invert as a pavement, it seems wise, 
with a material so easily shaped as is concrete, so to lower the 
center below the sides that, when there is a very small volume 
of water, its course may be directed through the culvert 
instead of being collected in pools too shallow to run off, as 
might be the case if the pavement were flat. On the other 
hand, with a semicircular invert, or one with a large amount 
of dishing in proportion to the span, the waterway is reduced 
too much in its lower and first affected portion. A dishing 
of about 1 inch per foot of span seems to satisfy all require- 
ments. The invert may consist of two straight slopes meet- 
‘ing at an angle at the center, as shown in Fig. 17, or of two 
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straight lines connected by acurve at the center, as shown in 
Fig. 16. In the former case, the slope of the pavement at 
the line of the face of the abutments is 2 inches per foot, 
while in the latter case it is at the rate of 4 inches per foot. 


67. Cross-walls should be built under the invert of a 
concrete culvert, as indicated in Art. 62, the same as if stone 
masonry were used. If the grade is steep, the foundations 
may be prepared in steps to give a succession of level bear- 
ings for the concrete, and the opening in the culvert may 
be made on an even grade; or the opening also may be 
stepped, as suggested in a subsequent article. Where practi- 
cable, the former method is preferable. 


68. Timber Pavement.—The floor of timber culverts 
may be made by leveling off and compacting the soil and 
laying transversely on it timbers 6 or 8 inches thick. These 
timbers should be laid close; they should be made somewhat 
longer than the distance out to out between the walls of 
the culvert, and the first timbers of the walls should be drift- 
bolted to about every third floor timber. 

An alternative arrangement that is somewhat less expen- 
sive but less durable is to place mud-sills at the toe of the 
slope at each side of the bank, and at intervals of about 
6 feet—all with the tops on an even slope. These sills 
should be well and firmly bedded in the soil, and a smooth 
and firm surface made between them on the plane of the 
tops of the sills; on these sills is laid a floor of longitudinal 
plank 2 or 3 inches thick having the same width as the cul- 
vert, and being well spiked to the sills. The wall timbers 
are set outside this floor and drift-bolted to each sill. It is 
advisable so to space the sills that one will come under each 
joint in the first wall timbers, and each timber be drift-bolted 
LOWE 
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CULVERTS WITH A GRADE 


69. Culverts with a heavy grade may often be built 
with steps a few inches in height, having their tops slightly 
inclined in the direction of the grade. When this is done, 
the step in the cover -should be made a little nearer (say 
about three times the amount of drop) to the lower end of 


Fic. 3 


the culvert than the step in the pavement; otherwise, the 
capacity of the culvert is reduced, and the danger of 
clogging is correspondingly increased. If the step in the 
cover can be relieved by using a beveled stone, this will 
reduce the danger of catching drift. A succession of steps 
from 6 to 10 inches in height is preferable to one large step 


Fie. 4 


of the same total drop. If the natural grade of a stone 
culvert exceeds about 10 per cent., it is preferable to use 
steps in this way, so that the bed of each stone may be laid 
on the bottom with comparatively little inclination, and be 
therefore in no danger of sliding. Wherever such steps are 
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introduced, cross-walls should be used; these walls should 
be at least 2 feet deep and extend 6 inches below the bottom 
of pavement at the foot of the step. Fig. 3 shows a longi- 
tudinal section of a stone culvert built on a grade. 

If the culvert is of concrete, the same method may be 
adopted, but it is preferable, where possible, to leave the 
opening of the culvert on a uniform grade and step off the 
foundations to give a succession of level bearings, as shown 
in Fig. 4. 


TO. If the foundation of a culvert is on rock in which 
the natural grade exceeds 10 per cent., advantage may be 
taken of this natural pavement; but that part of the rock 
that supports the walls should be dressed off to give approxi- 
mately a level bed for each stone resting on it, and the walls 
should be laid in nearly horizontal courses, the cover being 
stepped down at intervals as may be required. 


WING WALLS AND PARAPETS 


71. Object of Wing Walls.—As the covered part of a 
culvert is rarely extended as far as the toe of slope of the 
bank, wing walls, or wings, are built at each end to pre- 
vent the fill from running into or across the mouth of the 
culvert. The wings serve also to direct the course of the 
water into or away from the culvert so as to prevent its 
getting behind the main walls. 


72. Kinds of Wing Walls.—Wing walls are divided 
into straight wings, flaring wings, and transverse wings. 
Straight wings are continuations of the culvert walls in the 
same direction as the body of the culvert; flaring wings 
are turned back at an angle with the culvert; transverse 
wings are at right angles with the culvert, or are parallel 
with the bank if the culvert is skewed. 


73. Straight wings are generally used for stone box and 
for timber culverts, unless the direction of the watercourse 
demands another form of wing. Straight wings are the 
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most economical, and are ordinarily stepped down accord- 
_ ing to the slope of the bank (see Fig. 5). 


Fre. 5 


G74. Flaring wings naturally accompany arch culverts, 
and also concrete culverts, even if the cover is flat. The 


Fic. 6 
enlarged inlet and outlet they form aid in increasing the 
capacity of the culvert, by easily directing the water into it, 
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and allowing the discharge to spread and so decrease in depth 
before leaving the line of the bank and the protection given 
by the pavement (see Fig. 6). The amount of flare, or 
splay, as the deviation of the wings from the direction of 
the culvert walls is called, need not be very great; a flare 
of 1:2(see Fig. 6) is generally sufficient. With a large 
flare, the length of wing and the quantity of masonry are 
increased with no corresponding gain in efficiency. 
As with straight wings, flaring wings may be stepped 
down or sloped to correspond 
el with the bank they restrain. 
In joining the wings with the 
abutments or end walls, there 
should be no offset made in the 
face of the masonry, for such 
jogs will cause eddies, and so 
retard the water in its flow, 
SS besides adding materially to 
the expense; to this must be 
added that, at the upper end, 
they will facilitate the accu- 
mulation of drift. The junc- 
tion should be as shown in 
Fig. 6, not as shown at a or 
at 6, Fig. 7. For this reason, the faces of wing walls should 
not be battered, unless either the end wall or the abutment 
inside the culvert is also battered. A vertical face of the 
side wall is sometimes continued beyond the ends of the 
eover, and is intersected with a battered face of the wing 
outside the culvert; but this adds to the expense of the forms 
without any corresponding advantage, the supposed esthetic 
superiority being the only excellence claimed. 


Fic. 7 


75. Transverse wings are sometimes used for either 
stone or concrete culverts, whether of box or arch form, and 
are the common form for pipe culverts. They are carried 
to a uniform height for their whole length, and the slope is 
allowed to run around in front, the length being determined 
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by this slope. Because of the ends of the wings being 
covered with the slope, there is less danger of their being 
undermined than with straight or flaring wings. Fig. 8 
illustrates the transverse wings. 


<_. oaraper 
ai, er 
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76. Parapets.—The length of stone or concrete cul- 
verts is generally reduced by building parapet walls across 
the line of culvert at the end of the cover, extending the full 
width of the culvert and side walls, or the whole length of 
the wings if transverse wings are used. For appearances, 
the top course of the parapet is generally made to project 
from 2 to 4 inches beyond the face of the cover and lower 
courses (if any) of the parapet (see Figs. 5, 6, and 8). 


FOUNDATIONS 


77. The principles governing the foundations of culverts 
are the same as for other foundations; but, on account 
of the large areas covered by culverts in proportion to their 
expense, it is seldom that the same care is warranted in 
preparing the foundation that would naturally be taken for 
a bridge pier or abutment. When the soil is gravel or a 
moderately firm earth, it is customary to excavate only as 
required for the pavement and the walls; but, if the bottom 
is swampy, a good foundation may be formed by timbers or 
logs laid longitudinally and transversely. Timber should not 
be so used unless the ground will always remain damp, for other- 
wise the timber will rot, and the foundation will be worse 
than if no timber had been used. If the’ soil is soft and 
compressible, but unsuitable for the use of timber, it may 
be excavated to a greater depth, and made more firm and 

IL T 316-13 : 
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compact by tamping sand, gravel, or broken stone into the 
softer material. 


78. If the culvert rests on rock, the pavement is omitted, 
but all rotten stone and loose scale should be removed, and 
the surface prepared so as to give a good level bed for 
the masonry. If the soil is partly rock and partly softer 
material, great care must be taken to avoid settlement and 
a break in the culvert at the point of change, and also to 
make a safe joining of the paving to the rock. 


79. When the foundation is soft or varies greatly in 
character, there is danger of transverse breaking or distor- 
tion of the culvert by the uneven settlement. The writer 
has seen a culvert that was built on a uniform grade under a 
high bank across soft ground which had settled so much that 
one could not see from end to end, and water was standing 
nearly to the roof at the middle when both ends were dry. 
Where settlement is expected, the middle of the culvert may 
be laid higher than the ends; but no empirical rule can be 
given for the amount of settlement: judgment founded on 
individual experience is the only satisfactory guide. 


LENGTHS 
80. The length of a culvert is governed by the height 
of the bank and the width of the roadbed, and by the style 


gHEGNT Of Culvert 
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of end to be used. Generally, it is so chosen that the plane 
of slope of the bank shall come just to the top of the culvert 
at the end of the cover. 
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As the two ends of a culvert are seldom at the same level, 
the length of each side must be determined separately. The 
following formulas may be used (see Fig. 9): 


Li=Ztuh (1) 


hepsi qt the (2) 


in which 
“,and ZL, = horizontal lengths from center line of roadbed 
to end of cover, on the left and right sides, 
respectively, measured at right angles to 
the roadbed; 
w width of roadbed at subgrade; 
h,and h, = difference in elevation between subgrade and 
top of culvert at the left and right sides, 
respectively; 

n = slope ratio (horizontal distance divided by 
corresponding vertical distance) of side 
of bank (commonly 13, but may be more 
if the bank is composed of sand or clay, 
or less if of large loose rock). 

If it is desired that the length to the ends of the wings 
should just reach the toe of the slope, 2 may be considered 
as the length to, and # the height of the bank above, this 
point, instead of referring to the end of the cover. If the 
culvert is on a skew with the bank, the center line and sub- 
grade elevation opposite the end of the culvert must be used 
instead of that over the axis of culvert. If the parapet and 
wings are to be built normal to a skew culvert, allowance must 
be made for the skew in the width of the structure. When the 
culvert has a heavy grade, the wings should be lengthened at 
the lower end, and may be shortened at the upper end. 

EXAMPLE.—What is the horizontal length of cover from the center 
line of an 18-foot roadbed for a culvert 4 feet high, the elevation of 
subgrade being 117.2 and that of the bottom of culvert at the end 
being 94.7, the slope of bank being 1.5: 1? 

SoLurion.—Here, w = 18, 2 = 1.5, and 4, = 117.2 — 94.7 — 4 = 18.5. 
Substituting in formula 2, 

L, = 4841.5 X 18.5 = 362 ft. Ans. 
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DETAILS AND ILLUSTRATIONS OF 
CULVERT CONSTRUCTION 


PIPE CULVERTS 


81. Pipe culverts, whether of terra cotta or of cast iron, 
are sometimes laid with no other preparation than simply 
hollowing out the soil to receive the pipe, or excavating a 
trench and filling it with sand up to the middle of the pipe. 
If the soil is firm, the former method may prove satisfactory 
when proper care is taken to tamp well the filling required 
to replace the excess of material that is usually removed. 
Sand packed around the pipe makes an excellent bed if undis- 
turbed, but even a slight leak in the pipe may wash away the 
sand. The best practice is to lay the pipe in a bed of con- 
crete extending up to the middle of the pipe. 


82. Whether the pipe is set in a concrete bed or rests 
directly on the soil, all joints should be calked or laid in 
cement. The pipe should always be laid with the bell end 
upstream. If practicable, there should be sufficient grade in 


pipe culverts, especially at the lower end, to prevent settle- 
ment from forming pockets in which water may collect and 
freeze. When the ground is soft and only a slight fall is 
possible for the whole length of culvert, it is wise to raise the 
central -part of the culvert even above the inlet, as the 


$49 


48'°| Cast iron Pes || 


' 
V > = + 


hs 
AGEN 
Ke ae : AS i pb aA 
tS ove DES Sal y 
/9~0~ 


Ss Concre 
BN OG cas 


a) 


Ere. Il 


CULVERTS 39 


impounding of a small quantity of 
water at the upper end of the culvert 
is less serious than to allow water to 
collect within the pipe. The ends 
of the pipes should be protected 
by head-walls of concrete ‘or stone 
masonry, which should be long and 
high enough to prevent obstruction 
of the mouth of the pipe by the wash 
of the bank. The head-walls should 
be carried to such a depth as to avoid 
the dangers from frost and under- 
mining. With pipe culverts, liber- 
ality in the length of the culvert may 
effect a saving in the cost of head- 
walls equal to many times the extra 
cost of pipe. Unless the flow through 
a pipe culvert is expected to be small, 
a pavement should be laid below the 
outlet, or riprap should be used. 

Fig. 10 shows a single terra-cotta 
pipe .culvert, with 24-inch pipe, and 
Fig. 11 shows a triple cast-iron pipe 
culvert with 48-inch pipe. 


83. Pipe culverts are used largely 
to replace decayed timber culverts. 
The timber flooring may be removed, 
and even the walls and roof may be 
partly cut away for the brief time 
required for the work, so that pipe 
of as large an inside diameter as the 
smaller dimension of the timber cul- 
vert may readily be substituted with- 
out interfering with the bank. The 
space outside of the pipe should be 
packed earth and spalls. This method 
of building temporary culverts of 
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timber and replacing them later with pipe is especially satis- 
factory, because during the life of the timber the bank will 
settle and the engineer can see whether his estimate for the 
size of the opening was correct. Timber culverts may be 
made larger than absolutely required, so as to allow pipe of 
the estimated capacity to be readily substituted when the time 
for renewal arrives. 


TIMBER BOX CULVERTS 


84. Intimber culverts, as the walls are not designed to 
resist the thrust by their weight, the timbers should be 
thoroughly drift-bolted together (see Art. 44). If the pave- 
ment is made of a succession of thick floor timbers laid close, 
the first timbers of the side walls should be bolted to the 
floor timbers about every 8 feet; or, if a thin floor is laid on 
sills, two bolts should be used at each end of each sill. The 
wall timbers should be butt-jointed and laid to break joints 
not less than every 4 feet, and have at least two drift bolts 
between adjacent joints. The different courses of wall tim- 
bers should be bolted together at intervals of about 5 feet, 
the bolts being long enough to reach two-thirds through the 
next lower timber. 


85. The cover is made of transverse timbers laid close 
together, and of a thickness determined as stated in Arts. 37, 
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38, 39, and 42. Each of these cover timbers should be 
bolted to the top timber of the side walls, and every sixth 
or eighth cover timber should be notched down on the walls. 
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Timber culverts are commonly built without head-walls or 
parapets, but the ends of the side walls are stepped to serve 
as wings to retain the slope. Fig. 12 shows atypical timber 
box culvert 4 feet square. 


STONE BOX CULVERTS 


86. The cover and walls of a stone box culvert are pro- 
portioned as explained in Arts. 37 to 45, inclusive. ‘Their 
faces should be so smooth that there will be no danger of 
drift lodging or striking so hard as to dislodge a stone. 
The cover stones are generally laid with less care as to close 
joints than is customary for wall masonry, for their office is 
chiefly to act as beams to carry the bank above, and to some 
extent each stone does its work independently of the rest. 
In order, however, to make the cover tight, the openings 
between the stones should be filled with spalls laid in mortar. 


87. The thickness of the walls at top and bottom, as 
determined in Art. 44, is the minimum to be allowed, but 
it is not necessary that the back of wall should be dressed 
to a battered line; generally, the back will be rough, and the 
wall may be made as thick at the top as it must be made at 
the bottom. In estimating quantities for the contractor, 
however, a uniform slope on the back is used, as the quan- 
tity within this plane is what is absolutely required. No 
course or stone on the back of the wall should be allowed to 
overhang the one below. 


88. A cross-section, a longitudinal section at the end, 
and an end view of a typical single box culvert of stone are 
shown in Fig. 18; and for a double box culvert, in Fig. 14. 
In the latter figure, the longitudinal section shows the mid- 
dle wall; the side walls are the same as for a single box 
culvert. The dimensions of the different parts for these 
culverts are given in Table II, in which the dimensions not 
given for double culverts are the same as for single culverts. 
These dimensions are suitable for sandstone or limestone 
of good quality. The letters given in the table refer to 
Figs. 13 and 14. 
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Double Culverts 
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STONE BOX CULVERTS 


TABLE II 


Single Culverts 


DIMENSIONS FOR 
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89. Another design for stone box culverts is shown in 
Fig. 15. This form is preferred by many engineers; but, in 
the majority of cases, the form shown in Fig. 13 seems to 
be preferable, for the reasons stated in Art. 64. The 


a 


Fic. 15 


dimensions for the two designs would be the same, except 
for the arrangement of the paving and the bottom part of 
the walls. Double culverts are not used for openings less 
than 3 ft. x 3 ft. 


STONE ARCH CULVERTS 


90. Stone arches are rarely desirable for culverts with 
small openings, because this style of construction is too 
expensive for spans where ordinary stone covers are practi- 
cable. In places, however, where the appearance is impor- 
tant in determining the design, stone arches may be used, 
even though the span is small. 


91. In the main, the design of stone arch culverts is 
similar to that of concrete arches; but, owing to the great 
cost of cutting the arch stones, a flatter arch would be sug- 
gested for stone than forconcrete. The ratio of rise to span 
may be made from 1:3 to 1:6 for stone arches, according 
to the prices for material and work. 


CONCRETE ARCH CULVERTS 


92. The concrete arch seems destined to become the 
common type of culvert, even in localities abounding with 
good stone. Many engineers batter the inner surface of the 
side walls of concrete arch culverts below the spring lines, 
but, unless the span of the arch is increased, this reduces the 
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width of waterway at the bottom, with the result that the 
total capacity of the culvert is decreased, while the cost is 
slightly increased. 


93. Though in stone box culverts there is little attempt 
made to protect the structure from the effect of frost, in con- 
crete arches the foundation is commonly carried below the 
frost line, for the effect of frost may impair the strength of 
the structure by destroying its monolithic character. The 
frost line being deeper at the ends of the culvert-than where 
the culvert is partly protected by the bank above, there is 
greater need of deep foundations under the wings and apron 
than under the body of the culvert. 


94. Fig. 16 shows a typical semicircular concrete arch 
culvert. The dimensions required for culverts of this form 
may be foundin Table III. Fig.17 and Table IV give arches 
with a rise of one-quarter of the span. [n the culvert shown 
in Fig. 16, the invert is curved, while in that shown in Fig. 17 
the invert has straight sloping sides. Either style of invert 
is applicable to both forms of arch. 

A comparison of the dimensions for these two forms shows 
that, for any given span and height of culvert, there is little 
difference between the semicircular arch and one with a rise 
of one-quarter of the span (or even one-sixth of the span,, 
either in the waterway or in the required depth of key and 
thickness of the abutment at the spring line of the arch. 
As the flattening of the arch raises the spring line, and also 
increases the rate of spread of the walls, there is a decided 
increase in the quantity of masonry as the arch is flattened; 
the maximum of economy and width of structure favors the 
semicircular arch. For small concrete arch culverts, the 
most economical design is that in which the height is about 
equal to the span. : 
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TABLE III 
CONCRETE SEMICIRCULAR ARCH CULVERTS 


DIMENSIONS FOR 
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for Walls, 1: 24: 
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(Portland-Cement Concrete: for Arches, 1:2: 4 
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TABLE IV 


DIMENSIONS FOR CONCRETE ARCH CULVERTS WITH RISE 


=} SPAN 
6) 
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for Arches, 1:2: 4; for Walls, 1 


(Portland-Cement Concrete: 
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FLAT-TOP REINFORCED-CONCRETE CULVERTS 


95. Concrete box culverts, in which the concrete in the 
cover is reinforced with steel, seem destined to be very 
extensively used in the future. A great number of culverts of 
this class have been built by the Chicago, Milwaukee & 
St. Paul Railway, in which the reinforcement is made of old 
rails or I beams. One of these culverts, 10 feet by 6 feet, 
is shown in Fig. 18, taken from a paper read in 1901 by 
Aibert Reichmann before the Western Society of Civil 
Engineers. 

It will be noticed, in this culvert, that underneath the track 
and on each side of the center line, for a distance about equal 
to the height of the bank above the cover of the culvert, two 
tiers of rails are used; and that for a width of about 24 feet 
at the center they are placed as close together as they can 
well be laid and still leave room for any concrete between 
them. Where the height of bank is less, only one tier of 
rails is used, and the spacing is increased with the decrease 
of the depth of fill. A reinforeement of the cover with 
I beams is used in the same way as is shown for rails, and 
will allow the use of larger spans. 


96. Rods also, either plain or in some of the patented 
forms, are used, as indicated in Fig. 19. The ends of some 
of the rods are turned up to carry the shear, or short inclined 
rods may be attached to the main horizontal rod. The 
longitudinal rods are introduced in the invert to strengthen 
the culvert for resisting the longitudinal bending moments 
due to uneven settlement; they may be omitted if the founda- 
tion is firm. Where the length desired to be reinforced in 
either direction exceeds the length of the rods, it is customary 
to simply lap them over each other a few inches without 
attempting any other splice than the concrete gives; or the 
ends of the rods may be looped back to get a better hold-on 
the concrete. 


97. Expanded metal or wire netting is similarly used 
(see Fig. 20), and has the advantage of being already put 
ILT 316—14 
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together; while with rods each piece must be handled sepa- 
rately and held in place during construction. By the use of 
rods, however, the steel may be distributed more advantage- 
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ously. Rods or netting are sometimes used in the walls, as 
shown in Fig. 21, with buttresses a, a to stay the wider base 
to the walls. 


REMARKS ON CONCRETE WORK 


98. For culverts, it is customary to make the excavations 
for the foundations of walls and pavement (including apron 
walls and other cross-walls) of just the shape and dimensions 
desired for these parts; the concrete is tamped into these 
pits, completely fills them, and takes their form. The top 
of the invert is shaped by a board drawn over it, a thin layer 
of rich mortar being added and the top surface of the con- 
crete being finished off by sprinkling on dry cement, which 
will absorb enough of the moisture from below to acquire 
the proper consistency. Under where the walls are to be 
built, the surface of the concrete is left rough; and, unless 
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the forms can be placed and more concrete added before the 
lower layer sets, it is advisable to place large irregular stones 
partly embedded in and partly projecting above the top of 
the concrete, to serve as dowels to bind the new to the old 
concrete when the work is resumed. While the foundations 
are being laid and the invert is being finished off, forms 
and the bracing for them should be prepared in sections of 
about 10 or 12 feet, so that they can be quickly put in place. 
If possible, the work of placing the concrete should be 
resumed before concrete previously laid has had time to take 
its initial set. 

If practicable (and in culvert work it is rarely otherwise), 
the forms should be so designed that they can be held 
rigidly in place without rods or any ties passing through 
the concrete. 


99. Fig. 22 shows the cross-section of a concrete arch 
culvert with the forms in place. The plank lining (called 
lagging or sheeting) is usually made of 14- or 14-inch plank. 
The frames of the lower portions and the bracing are of 
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joists from 4 in. X 4 in. to 6 in. X 6 in., according to the 
size of the culvert. The ribs for the arches are usually 
made of 2-inch plank well spiked together, with horizontal 
ties and braces of the same; the ribs are spaced according 
‘to the load to be carried, and additional braces may be 
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added if the span requires it. The whole inside form is 
laid on lagging placed on the invert (which, because of the 
mode of finishing its surface, hardens more rapidly than the 
sides under the walls) with wedge-shaped fillers: between. 
The centers (as the forms for the arch are called) may be 
temporarily braced, as indicated by the broken lines at 4 4, 
until the concrete has reached nearly to that height, when 
the braces may be removed and the concrete will prevent 
the moving of the centers. The outer forms may be braced 
against rocks, if there are any conveniently located, or large 
stakes may be driven into the ground, and braces footed 
against them. The lagging should be tongued and grooved, 
or grooved at both edges and laid with splines, and planed 
on that side at least against which the concrete is to be laid; 
it should be matched so true that the outer surface will be 
smooth. The bracing should be spiked to the forms suf- 
ficiently to prevent falling apart, but left so that they can 
readily be knocked loose when the concrete has set and the 
forms are to be removed. The top of the structure is 
finished off with a trowel. In a flat-top culvert, the top 
should be sloped slightly to drain off any water seeping 
down through the bank. 

Brushing the face of the lagging with soft soap will 
improve the appearance of the concrete. The lagging is 
sometimes covered with tin for the same purpose; but as 
this is expensive, and culverts seldom require much in the 
way of appearances, such covering may be advantageously 
dispensed with. 


100. There has been a great difference of opinion 
among engineers as to the amount of water to be used in 
mixing concrete; but it is now generally conceded that a 
wet concrete will leave a harder and neater surface, and be 
more nearly water-tight than a dry mixture, especially if the 
lagging has been soaped, as suggested in Art. 99. 

When concrete work has to be suspended for so long a 
time that the oJd concrete sets before new is added, it is 
advisable to provide stone dowels, as stated in Art. 98; 
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but, whether they are used or not, the old surface should be 
roughened up and thoroughly wetted before laying new con- 
crete, so as to give the proper bond, and a layer of mortar 
of neat cement should be plastered on before concreting 
is resumed. 


STANDARD PLANS 


101. It is not customary to make detail plans of each 
culvert, but a standard plan is made at the central office 
for each size of culvert opening; or a general plan is pre- 
pared, with the various dimensions represented by letters or 
other characters, accompanied by a table giving, for each 
size of culvert contemplated, the figures for each part repre- 
sented (see Figs. 18, 14, 16, and 17, with their accompanying 
Tables II, III,and IV). These standard plans usually show 
simply the cross-section, longitudinal section (and perhaps 
plan) of the end, and an end view; and may also have direc- 
tions about modifications to be made for varying conditions. 
Even though the rules are very explicit, there may be nearly 
as great a call for good judgment on the part of the resident 
engineer in these modifications as in determining the location 
and size of the opening required. 


LAYING OUT 


102. The required waterway having been determined, 
the ground should be examined to see whether a good foun- 
dation can be obtained for the culvert at the lowest point of 
the embankment, or whether a decidedly better foundation 
can be found at a point slightly higher, but within the limit 
to which it is allowable to impound the water (Art.3). The 
natural watercourse may not be exactly at right angles with 
the line of the bank, but, if practicable, it is advisable that 
the culvert should be so placed. If, however, the cost of 
grading the inlet and outlet will exceed the saving in 
masonry, more will be lost than gained by squaring up the 
line of the culvert. 
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1038. The position and 
direction of the culvert hav- 
ing been settled, the center 
line should be marked on 
the ground by a stake set 
at the center line 4, Fig. Dor 
and one on each side at 
such points B and C that 
they will be safe from dis- 
turbance, and so located 
that all parts of the site 
may be seen through a 
transit set over either 
stake. Next, noting from 
the plan the relation of the 
ends of the structure to 
the slope line, stakes are 
set at D and £, where the 
ends of the paving should 
be, as determined by the 
formulas in Art. 80. 
From D, stakes 7, G, and 
7, in range with the center 
line of the culvert and at 
90° to it, are set at such 
distances from J that they 
will not be disturbed by 
the excavation for founda- 
tions, and yet will be close 
enough to be convenient 
for the use of the work- 
men. Similarly, from £, 
stakes. are set ate 7, 2% 
awarel Jae, 

Having ascertained the 
length of the culvert, the 
number of cross-sills is 
readily determined and 
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their location fixed, as at Z and 1%, and stakes NV, O, P, and Q 
are set to mark the range of their axes. It is advisable, if 
practicable, to place the stakes /, G, H,/,/, K, N, O, P, and Q 
all at the same distance (say 8 feet) from the edges of the 
foundation. All these stakes should be firmly driven, and the 
exact range marked on them by tacks; each stake should be 
marked to indicate plainly for what it is intended to give 
line; as, ¢, or C. Z. (center line) for stakes F and 7; End 
for.G,7,J, and A;-and X wall for 4,0, P, and O. The 
height of the top of the pavement opposite, above, or below 
the level of the top of the stake should also be marked 
on the side. If desired, special grade stakes may be set to 
give the level of the pavement; if such special stakes are set, 
they should be cut to a different shape from those used for 
ranges. Stakes should also be set at #,.S,7,U,V,W,X, 
and Y, at the edges of the excavation, and left high so that 
they may be readily seen; these stakes have no tacks, and 
may be displaced as soon as the excavation is begun. 

Some foremen prefer to have the ends of the cover staked 
out, and make their own allowance for the wings, instead of 
having stakes for the ends of wings and making allowance for 
the cover. In this case, stakes are set at G,,H,,A,, and A,, 
instead of at G, H,/, and K. 


ESTIMATE 


104. As culverts are usually built, the cost, and some- 
times also the contract price, for the pavement of stone 
culverts is less than for the walls and cover. The parapets 
and wings, or perhaps simply the coping stone, are also 
frequently classed separately from the rest of the culvert. 
If the culvert is founded on rock for the whole or a part of 
its length, there need be no other pavement, but all loose 
and scaly rock must be removed, and the surface of the rock 
must be leveled off to give a suitable bearing for the walls. 
The surface of the rock in such cases is usually so irregular 
that the height of the wall will vary considerably; and, the 
capacity of the culvert being limited by its minimum opening. 
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these varying heights increase the amount of masonry in 
the walls. Standard plans are generally accompanied by a 
schedule of the quantity of masonry of each class per run- 
ning foot of culvert, with a stated addition for the parapet, 
wings, and apron at each end. It is customary with some 
engineers to make estimates for the contractors from these 
figures, disregarding the changes that may be caused by the 
procedure; in the average of cases, this will work no hardship 
on either party. A better way, however, is to make proper 
allowance for the preparation of the rock and for the extra wall 
required, and omit any estimate for paving where no paving is 
actually placed. In this way, the price paid for each structure 
will properly represent its reasonable cost, without relying 
on an over-payment for one structure to offset the under- 
payment for another. If there are different contractors, 4 
will hardly be soothed for his losses by knowing that B 
has made a large profit. 


TUNNELS 


TUNNEL SURVEYING 


TUNNEL ECONOMICS 


1. Importance of Careful and Accurate Work.—The 
location and the construction of tunnels are so intimately 
connected that it is considered best to treat them together 
instead of making tunnel location a part of railroad location. 
The cost of constructing tunnels is comparatively so great, 
and the consequences of a blunder so far reaching, that an 
error in location is a very serious matter. It is, therefore, 
of the utmost importance that every phase of the location 
should be studied with especial care, and that special pains 
should be taken to perform the surveying work so as to 
obtain exceptionally accurate results. 


2. Choice Between a Tunnel and an Open Cut.——An 
engineer frequently has to decide for himself whether, under 
certain conditions, a tunnel is economically preferable to a 
cut. This question is so broad that only a general idea of 
the method of solution can be given here. There are three 
general cases in which a tunnel is preferable; namely, 
(1) when the depth is so great that an open cut is out of the 
question; (2) when the tunnel is merely a subsurface tunnel, 
the surface being utilized for other purposes; (8) when the 
depth is such that it is cheaper to tunnel than to make an 
open cut. 
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In the first case, there is no alternative except, possibly, 
an utter change in the line of the road for a considerable dis- 
tance. The second case is usually decided by considerations 
that have little or no relation to engineering. The third case 
is purely an engineering question. It is generally assumed 
that, when the depth of cutting exceeds 60 feet, it becomes 
expedient to drive a tunnel; but, unfortunately, the problem 
cannot always be solved by so simple a rule. A very soft 
soil, when dug out for an open cut, requires comparatively 
flat side slopes and therefore an enormous volume of cut 
when the center depth is great. A tunnel in such soil will 
be easy to dig, but will require expensive and strong timber- - 
ing. Anopen rock cut may be made with steeper side slopes 
and much less volume of cutting. A tunnel through such 
rock may require little or no timbering, but the rock will be 
difficult to blast out. The requirements for material for fill 
in the vicinity of the location have considerable influence on 
the question. If a large amount of material is required to 
make a near-by fill, it will be justifiable to make an open cut 
to a depth much greater than that at which a tunnel would 
otherwise be more economical. 


3. Approaches.—The open cuts at the ends of a tunnel 
are called tunnel approaches. The engineer must decide 
when it is expedient to discontinue open cutting and begin 
tunneling. The principles regarding relative cost of an 
open cut and of a tunnel must again be used. Where the 
slope of the hill that is tunneled is very steep and the line 
approaches the hill in the direction of the steepest slope, 
the length of the approaches will probably be very short. 
On the other hand, when the hill slopes are comparatively 
flat, there may be a very long open cut before reaching 
a depth where a tunnel would be either economical or 
practicable. Even the tendency of the approaches to fill 
with snow in winter, or to be blocked by landslides, may 
carry some weight in deciding on the better plan to adopt. 


4, Alinement and Grade.—There are many econom- 
ical reasons, from the standpoint of both construction and 
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operation, why a tunnel should be built straight. This, how- 
ever, is sometimes impracticable, except by the adoption of a 
design that would be too expensive in other respects. When 
a tunnel forms a link in a long maximum grade of the road, 
there is the temptation to continue that grade through the 
tunnel; but it should be remembered that the slipping of the 
driving wheels on the wet rails in a tunnel, as well as the 
increased atmospheric resistance, reduces very materially 
the capacity of a locomotive. The grade in a tunnel should, 
therefore, be materially reduced below the grades outside. 
It is often preferable to reduce the grade so as to make it 
as nearly level as is consistent with proper drainage, say 
.2 per cent. If the tunnel is very long, it is preferable to 
have two grades, each rising from the ends toward the 
center. Where the tunnel must form part of a long grade, 
the grade may be all in one direction. Ventilation will be 
somewhat assisted by having the grade all in one direction. 
In constructing a long tunnel on the Great Northern Rail- 
road, an allowance of .5 per cent. in the grade was made. 
The tunnel formed part of a grade of 2.2 per cent., and the 
part in the tunnel was reduced to 1.7 per cent. 


LINES AND LEVELS 


5. Preliminary Operations.—The decision to con- 
struct a tunnel at a given locality implies a previous surface 
survey of the entire length of the proposed tunnel. When 
the location of the tunnel has been definitely determined, the 
next step is a very precise resurvey of the line of the tunnel 
on the surface. Tunnels are usually constructed by exca- 
vating from each end, and sometimes by excavating in each 
direction from the foot of shafts; this requires the most minute 
accuracy in all the surveying operations, so that when the 
headings meet there will be no appreciable discrepancy in 
the two or more surveyed lines, either laterally or vertically. 
If the tunnel is very short, the ordinary engineers’ transit, 
when properly handled, will give as close results as are 
necessary. When the tunnel is very long, it is almost 
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essential to have a special instrument, called a tunnel 
transit, by which a great degree of accuracy can be 
obtained. The telescope of a tunnel transit is unusually 
large and powerful; it can be taken out and inverted in the 
wyes, which are open, and is fitted with a striding level by 
which the transverse axis can be made truly horizontal. 
Whatever instruments are used, they should be tested often 
and kept in perfect adjustment. 

The approximate line of the tunnel is first run with ordi- 
nary instruments, by means of which a series of points is 
determined, each intermediate point being so located that the 
two points between which it lies are plainly visible from it. 
In Fig. 1,efqng represents a section of a hill to be tunneled, 
and a,6,c,d are points determining the line of survey. 
Intermediate points 4,2,,qg, etc. are also marked. The 
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points a, h, p, k, 6, etc. should be marked by means of large 
plugs firmly set in the ground; these plugs may be made of 
6” X 6” timber. By means of repeated observations, in which 
all errors of adjustment are carefully eliminated, points that 
are exactly on a line may be determined on the tops of these 
plugs. The plugs (or ““monuments’’) should be set into the 
ground so far that they will not be affected by frost. It is 
wise to fill the pit around these monuments with broken 
stone or even concrete, well rammed in. The work of the 
surface survey is preferably done in calm, cloudy weather. 
The early morning is the best time for this kind of work, 
provided that the wind is not blowing; the errors due to 
refraction are then least. Some engineers prefer to do the 
work at night, using plummet lamps to sight on. The center 
surface lines of several long tunnels now in operation were 
run in this manner. 
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As shown in Fig. 1, points have been established not 
only at a, 6,c, and d, but also at several intermediate points. 
These intermediate points may be utilized when the points 
at a greater distance are temporarily invisible on account of: 
fog. By setting up a transit at a and d and obtaining aline- 
ment from some one of the previously established points, 
intermediate alinement points may be rapidly located. 


6. Levels.—A line of levels must be run over the sur- 
face, determining the elevations of all points. There is 
nothing peculiar about this leveling, except that, since the 
slopes are usually very steep, it will require unusual care to 
avoid error. As far as possible, the foresights and back- 
sights must be made nearly equal, so as to neutralize errors 
in the adjustments of the level. 


7. Determination of Horizontal Distances.—Hori- 
zontal distances may be determined in one of two ways. 
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The usual method of making precise tape measurements, by 
holding the two ends of the tape constantly level, as illus- 
trated in Fig. 2, may be followed. This method will serve 
for measuring the line over the comparatively level section 
that is sometimes found over the middle part of the tunnel 
(as from 6 toc, Fig. 1); but near the ends of the tunnel the 
slopes are usually so steep that it is impracticable to hold 
any great length of tape truly horizontal. The use of this 
method in such cases will require that the plugs shall be 
placed. comparatively close together, and that the position of 
the end of the tape over each plug shall be plumbed down 
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with a plumb-bob. While this method is theoretically pre- 
cise, there is a certainty of a small inaccuracy at each point, 
and the accumulation of a very large number of these, 
although some of them will counterbalance, will make the 
final result somewhat uncertain. 


8. For very precise work, the length of the tape must be 
corrected for temperature. The length of a steel tape 
increases by about .0000065 of itself for every degree 
Fahrenheit that the temperature rises, and decreases by an 
equal proportional amount for every degree Fahrenheit that 
the temperature drops. Thus, if the tape has a length of 
100 feet at 60°, its length at 90° will be 

100 [1 + (90 — 60) x .0000065] = 100.02 feet, 
and its length at 25° will be 
100 [1 — (60 — 25) x .0000065] = 99.98 feet 

Another thing that must be taken into account is the force 
with which the tape is pulled. The cross-sectional area of a 
fine steel tape may be as small as .002 square inch. Assu- 
ming that the modulus of elasticity of the tape is 30,000,000 
pounds per square inch, this means that a pull of 15 pounds 
will stretch the tape zoo of its length, or .025 foot, which is 
about .38 inch. Besides, when the tape is swung clear from 
the ground, as is usually necessary in field operations, the. 
sag of the tape is equivalent to an increase in its length, 
since the distance between its two ends, as registered, is 
evidently greater than the true distance. Elaborate calcu- 
lations are sometimes made to determine the true distance 
between the ends of the tape under a given tension. Usually, 
such calculations can be, and are, avoided by determining 
what is called the normal tension on the tape. The nor- 
mal tension is such a tension that the increase in length of 
the tape due to its stretch is exactly compensated by the loss 
in horizontal distance due to the sag. This normal tension can 
-be obtained without any calculations by stretching the tape 
on a level floor with just enough tension to make it taut, 
marking its length on the floor, and then raising the tape 
clear from the floor and noting by means of a spring balance 
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and plumb-bobs just what tension is required to make the 
horizontal distance between the ends the same as before. 
In making this test, the greatest care must be taken that the 
ends of the tape are perfectly steady, and that the plumb- 
bobs are used to project vertically the exact position of the 
end marks downwards to the floor.* 


9. The second method of determining horizontal dis- 
tances, and the only one that can be conveniently used on 
very steep slopes, is illustrated in Fig. 38. The inclined dis- 
tances a6, bc, etc. are measured directly with the tape, and 
then the differences of elevation, or vertical distances aa’, 60’, 
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etc., are determined from the level notes. The true hori- 
zontal distance may be determined for each section: (1) by 
subtracting the square of the vertical distance from the 
square of the inclined distance, and extracting the square 
root of the difference; (2) by the methods employed in 
trigonometry for the solution of right triangles. 

ExAMPLE.—The slope distance a 6 was found to measure 68.10 feet; 
the difference of elevation between @ and 6 was found from the level 
notes to be 16.811. What was the horizontal distance a/ 6? 

SoLution.—The right triangle aa’ gives 

ab =Vab® — aa” = V68.10? — 16.811? = 65.993. Ans. 
Otherwise, thus: 


oe aba! = 14° 17/ 30/ 
a’ 6 = 16.811 + tan 14° 17/ 30” = 65.993. Ans. 


sin aba! = 


*Further details relating to temperature and tension corrections are 
given in City Surveying. 
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EXAMPLES FOR PRACTICE 
1. Assuming the inclined and vertical distances given in Fig. 3, 
verify the values for 6’c and ¢’d. 


2. The inclined distance between two plugs is 29.746 feet. The 
elevations of the two plugs above datum are, respectively, 196.349 and 
218.073 feet. Find the horizontal distance. Ans. 24.599 ft. 


10. Curved Tunnels.—Curved tunnels should be 
avoided where practicable; but, as may readily be seen - 


by the case illustrated in Figs. 4 and 5, it is sometimes 
impossible to avoid them. In such a case, the tangent 
distances are calculated and the P. C. and P. T. are located 
on the surface by direct measurement. The. work and calcu- 
lations are repeated many times, and every possible pre- 
caution is taken to secure perfect accuracy of results. The 
sketch given in Fig. 4 shows the difficulties attending the 
laying out of the Rockport tunnel on the Lehigh Valley 
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Railroad. The original line 4 B CD followed the course of 
the Lehigh River, which hugs the bluff &. The tunnel 
line 4 FG A would have been adopted, and the tunnel driven 
when the road was first constructed, but a rival line was 
building on the opposite side of the river, and there was a 
race to reach the Wyoming Valley coal fields and command 
the coal traffic. The tunnel line was accordingly postponed, 
and the river line adopted. The tunnel was driven in 
1882-83, after a lapse of 20 years. The neck FG through 
which the tunnel passes (a profile of which is shown in 
Fig. 5) reached a height of more than 300 feet.- The hill- 
sides were so steep that in places a man could hardly stand. 
The grade of the original line 4 B CD is about 20 feet per 
mile, rising from 4 to D, and the length is 13 miles greater 
than that of the tunnel line dA FGP. The grade on the 
new line from A to P was made 20 feet per mile, the same 
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as the grade of the tangent 4 A of the old line; this brought 
the point P 30 feet lower than the point Z. The new 
line PH was then given a grade of 40 feet per mile so as 
to gain on the old line Z D at the rate of 20 feet per mile, 
coming to the same elevation 13 miles from Z and P. The 
new tangent PA was then located so as to meet LD at 
a distance of 14 miles from Z and P. The intersection 
angle G//N measured 57°, and a 5° 18/ curve was decided 
on; the tangent distances /// and /7G were then measured 
directly on the surface, and the P. C. and P. T. were set. 

On account of the steepness of the slopes and the height 
of the hill, much difficulty was experienced in making a 
satisfactory intersection to locate the point 47. Within a 
distance of 500 feet, there was a difference in elevation of 
more than 3800 feet, and some of the sights contained a 
vertical angle of more than 60°. The lines were run 
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principally in the early morning hours, though some of the 
best results were obtained on cloudy days. A large tunnel 
transit with powerful lenses, and of more than double the 
weight of an ordinary transit, was used. Common pins 
against a dark background were used for backsights. First, 
an intersection was made, large plugs or hubs 6 inches 
square being used. The tangent X /7, Fig. 4, was then 
repeatedly run, and each line marked on the hubs QO and S, 
Fig. 6, the hubs being so located that the intersection 17 was 
between them. Each line was marked with tacks, each of 
which was numbered, as shown in the figure. The lines 
varied each time, no two coinciding. ‘ One or two fell wide 
of the mark, and were ignored. Finally, the mean of the 
lines was adopted. The tangent GW, Fig. 4, was then run 
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an equal number of times, and each intersection on the 
line QS, Fig. 7, marked on the hub // with a tack and 
numbered. The mean of these intersections was taken as 
final. 

Equally great difficulty was experienced in locating the 
P. C. and P. T. The distance was measured many times, 
and each distance marked. The mean was then taken as the 
correct measurement. The top of the hill had the form of a 
plateau, and the center O, Fig. 4, of the curve was located 
by turning a right angle to the tangent A F at F, the P. C., 
and measuring the radius, 1,081.44 feet. The central angle 
FOG of 57° was then turned, and the second radius OG 
run out and measured. The line and measurement falling 
on the plug at the P. T. at G proved the work correct. The 
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result of all this care and pains was that, when the tunnel 
was driven from both ends and the headings met, there was 
less than } inch discrepancy in the two lines. 


11. Interior Surveys.—During construction, the 
alinement and levels for the interior of the tunnel must be 
located, relocated, and tested with great frequency. Survey- 
ing points in the interior of the tunnel must be placed where 
they are not likely to be disturbed or covered. In general, 
the points that are least likely to be disturbed are in the roof 
of the tunnel. Points are usually located by drilling a hole 
into the roof and filling it with a plug of wood driven in 
very tight. Into this plug is driven 
a screw eye, or else a spud, which Y, 
is a nail having a round flattened 
head with a hole through its center 
(see Fig. 8). Sometimes, the screw 
eyes or spuds are driven in the tim- 
bering of the tunnel; but, as the 
timbering is likely to be jarred out 
of place, such locations should be 
tested very carefully and as fre- 
quently as possible, especially when 
the line is being carried forwards. Fie. 8 
A transit can be centered under a roof point by setting the 
instrument in such a position that the center of the telescope 
will be directly under the point of a plummet suspended from 
the roof point. A transit telescope usually has a’small hole 
drilled in the top of the ball that forms the connection between 
the telescope and the axis. When the telescope is horizon- 
tal, this hole is exactly over the center of the instrument, 
and the transit can easily be placed so that the hole is 
directly under the plumb-bob point. Another method is to 
determine, by means of a plummet, a temporary point on the 
floor of the tunnel directly under the spud, and then center 
the transit over that point in the usual manner. This method 
requires two operations instead of one, and usually is not so 
good as the other. 


YY UYffyywywwv 


Plirvb Line 


12 TUNNELS § 50 


12. In underground work, it is always necessary to illu- 
minate the cross-wires of the transit or level. This may be 
done by holding a bull’s-eye lantern so that its light will 
shine into the telescope and yet be outside of the direct line 
of vision. A preferable method is to use a 
reflector, such as is illustrated in Fig. 9. 
In this case, the lantern may readily be held 
by the transitman (or preferably by an 
assistant) in such a position that its light 
will be reflected from the reflector directly 
back on to the cross-wires, but without 
interfering with the line of sight. For leveling work, the 
face of the level rod must be illuminated sufficiently to deter- 
mine the readings. A transit pole or a plumb-line may 
similarly be illuminated as a target for the transit work. A 
preferable method is to use a plummet lamp, 
such as is illustrated in Fig. 10. This lamp 
has an oil reservoir of brass, with a steel point 
at its lower end. A cylindrical stem contains 
a wick at the upper end. The lamp is sus- 
pended by gimbal points to a bail, to which a 
wire is attached. This wire can be run through 
the eye of a spud or screw eye, and the plumb 
will then be vertically under the spud. To 
locate a point on a given line by means of such 
a plummet lamp the lamp is suspended by the 
wire and shifted laterally until the line of sight 
bisects the flame. If, at the same time, the 
upper end of the wire is held against the roof 
of the tunnel, the point in the roof that is in 
the desired line is readily determined and may 
be marked with a plug, as previously described. 

Grade points, also, may be located in the Fie. 10 
tunnel by means of these plugs in the roof. It is only neces- 
sary to invert the level rod so that its zero end is against 
the point in the roof. The rod reading then indicates the 
distance of the cross-wires below the point in the roof. To 
determine the elevation of the plug, the rod reading must 
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be added to the height of the instrument, instead of sub- 
tracted, as in ordinary level work. Roof plugs may be used 
also as bench marks, but bench marks are sometimes made 
by drilling a hole horizontally into the side of the tunnel at 
some convenient height, into which plugs of wood or iron 
are firmly driven. These plugs project far enough from the 
wall to allow a level rod to be held on them in a vertical 
position. In a timber-lined tunnel, large nails or spikes may 
be driven horizontally into the wall posts and serve the same 
purpose, although there is some danger that the timbers may 
shift their position sufficiently to destroy the accuracy of the 
work. ‘These points should, therefore, be frequently tested. 


18. If the tunnel is curved, it is necessary to determine 
the true center line at very frequent intervals, in order that 
the cross-section of the tunnel may be sufficiently large at 
each point, and yet not excessively or wastefully so. The 
location of the points of the curve is effected by the methods 
explained in Circular Curves. 

It should be noted that, since it is easier in tunnel work 
to locate points on a tangent and then make some offsets, it 
is better to locate a number of lines that are all tangent to 
the curve and that have their intersections mutually inter- 
visible, which of course means that they all lie within the 
cross-section of the tunnel. The lengths of these tangents 
and the angles between them can be easily computed. The 
desired points of the circular curves may be located by 
offsets from these tangents. 


14. Surveying Down a Shaft.—In order that the 
excavation at the bottom of a shaft may be properly directed, 
it is necessary to transfer from the surface to the bottom of 
the shaft the three surveying elements of dzstance, elevation, 
and divection. Since the shafts are almost invariably made 
vertical, it is possible to suspend a heavy plumb-bob by 
means of a wire of sufficient length from the top to the 
bottom of the shaft. The element of distance, which in this 


case means the horizontal distance of any given point from a 
reference point, is very readily transferred, with sufficient 
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accuracy, from the top to the bottom of the shaft by means 
of the plumb-bob. Similarly, the difference of elevation may 
be measured with all necessary accuracy by merely measuring 
vertically down the shaft with a steel tape. The third ele- 
ment, that of direction, requires great care, and often taxes 
the skill and ingenuity of the locating engineer. In its bare 
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outline, the method is simple and perhaps looks easy. 
Practically, the chances for inaccuracy are large and precision 
is very difficult. The details of the method generally used 
are as follows: Two pieces of plank C and D, Fig. 11, are 
spiked to the shaft timbers where the center line of the sur- 
face survey crosses; the edges of the plank project inwards 
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over the shaft wall. Slots are cut in the edges & and F of 
the planks C and J on the center line. An iron plate with 
a carefully drilled hole in its center is placed over each slot 
and in the center line of the surface survey. Holes are 
drilled in the corners of the plates, which are fastened to 
the plank. Plumb-bobs weighing from 20 to 80 pounds are 
suspended by fine steel wires that pass through the holes in 
the plates. In order to prevent the vibration of these wires, 
each plumb-bob is entirely immersed in a pail of oil placed 
at the bottom of the shaft. When the plumb-bobs come to 
rest, the lines that suspend them are exactly in the center 
line, as laid down on the surface of the ground. The tunnel 
having been driven some distance from the foot of the shaft, 
a transit is set up in it at some point /as far as possible from 
the wires that carry the bobs at G and A, and moved until its 
line of sight coincides with the line determined by the two 
wires—that is, until the vertical wire of the transit covers 
both of the wires that carry the bobs. A plug is set on line 
at some point A, the instrument is moved to K, and a back- 
sight taken on /, the latter point having been previously 
marked by a plug; the line from & to / should intersect both 
supporting wires. As the points & and fF are usually not 
more than about 8 feet apart, and as the heading may run 
several thousand feet from the shaft before meeting the 
heading from the other direction, a very slight error in the 
location of the points & and F will be greatly magnified. It 
is also found that drafts of air, which are invariably found in 
a shaft, prevent the wires from hanging truly vertical, and 
hence the horizontal line passing through the wires at the 
bottom of the shaft may or may not be parallel to the sur- 
face line. When the heading from a shaft meets the heading 
from another shaft, or from one end of the tunnel, the aline- 
ment should be verified and corrected as much as neces- 
sary, even though the correction requires a slight change 
in alinement. 
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TUNNEL CONSTRUCTION 


CROSS-SECTIONS 


15. Single-Track Tunnels.—The usual general form 
of cross-section for a railroad tunnel consists of an arched 
roof with vertical or nearly vertical side walls. The details, 
however, vary according to the character of the material 
excavated. ‘The dimensions of a tunnel section vary accord- 

wy ing to the form of 
YWYUwwJ@ Uw J WWWWJYY7_—_set’'on. and the num- 
Yj LI VV) ber of tracks in the 
Yj bo °° G7 
Ya >< 


4 tunnel. Fora single- 


yyy 
Uy 777 track tunnel, the fol- 


UY 

yy Yj lowing dimensions 
Y, Yj YY are considered suit- 
Vy YYyy able: in hard rock 
Yj yyy with no lining, from 
yy ty 14 to 16 feet wide at 
Vy yy the bottom; 16 feet 
yyy Yyyy wide at from 14 to 
Yj 4 tH 16 feet above the 
YY) YY bottom; and the roof 
Wy Wf Wy arch on a curve of 8 


TT. fy feet radius. The 
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sions are suitable for 
a single-track tunnel 
lined with timber or masonry in the ordinary manner; in 
this case, the tunnel excavation is made. sufficiently large to 
allow for the thickness of the lining outside the regular 
tunnel section. In Fig. 12 is shown a good form of unlined 
tunnel section, such as is adopted for solid unstratified rock, 
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where there is no danger of slips or falling rock. In Fig. 13 
is shown a good form of section where the tunnel is lined 
with concrete. 
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When a tunnel is built on a curve, it is customary to make 
.the section a little wider than that for a straight tunnel. 
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16. Double-Track Tunnels.—For a double-track tun- 
nel, the form of section shown in Fig. 14 may be used. 
In some cases, instead of a three-centered arch, as shown 
in the figure, the roof arch consists of a semicircular curve 
of 133 feet radius. 


17. Special Forms of Tunnel Sections.—In some 
kinds of material, it is necessary to use special firms of 
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sections in order to permit a suitable form of lining to resist 
the pressure on the roof and sides of the tunnel. In Fig. 15 
is shown a form of section used in a portion of the Aspen 
tunnel on the Northern Pacific Railroad. The interior dotted 
outline represents the cross-section of a passenger car and 
shows the amount of clearance between the sides of the car 
and the walls of the tunnel. 
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METHOD OF CONSTRUCTION 


18. Headings.—The almost invariable method of dri- 
ving a tunnel is to excavate first a heading (see Fig. 27) 
whose cross-sectional area is about one-fifth or one-fourth of 
the total cross-section of the tunnel. The rest of the cross- 
section is called the bench. Frequently, the heading is 
driven through the upper part of the cross-section, as this 
renders it somewhat easier to place the timbering during 
enlargement. If the ground is very wet, there is an advan- 
tage in making the heading near the bottom of the section, 
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as then the bottom of the heading will act as a drain, and the 
soil will be much drier and firmer by the time the enlarge- 
ment is commenced. The heading is usually made about 
5 feet wide and from 6 to 8 feet in height. The face of the 
heading is usually kept at least 50 feet in advance of the 
bench (see B and 4’, Figs. 26 and 27). Sometimes, two 
headings are driven along the lines that will ultimately be 
the two lower corners of the tunnel section. 

When the material encountered is a hard self-sustaining 
rock, the work of excavation is comparatively simple, and, 
on account of the fact that there is no necessity of timber- 
ing, the work is actually less expensive than for very soft 
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material, which must be heavily timbered.. This work is 
usually done with power drills worked with compressed air. 
The plant for operating these drills will be considered in a 
subsequent article. Drills working in headings are usually 
mounted on columns, two drills on each column (see Fig. 18). 
The drills working on the bench are usually mounted on 
tripods (see Fig. 26). The air pipe is carried to within 
about 50 feet of the bench, where a bench hose of equal 
diameter is attached to it. At the end of the hose is a metal 
nozzle, called a manifold, containing hose connections for 
each of the drills. 

A section of heading showing the arrangement of drill 
holes in the face is given in Fig. 16. The two middle rows 
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of holes AB and CD converge at an angle of about 20°, 
meeting nearly on the centre line EF of the tunnel; they are 
called the center-cut holes. The mass of rock included 
by these holes is wedge-shaped, as shown by the plan in 
Fig. 17. The removing of this wedge by blasting is called 
breaking the cut. Fig. 18 shows a longitudinal section 
through the center-cut holes. The rows of holes G, H, Kk, 
and L, Fig. 16, on each side of the center-cut holes are called 
side rounds. If there is but one row on each side, the rows 
are called single side rounds; if two rows, double side 
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rounds. A longitudinal section through the side holes is 
given in Fig. 19. The cut and the side rounds are loaded 
at the same time. The cut is fired first (see Fig. 20). The 
side rounds are either fired separately—that is, one row on 
each side of the cut at a time (see Figs. 21 and 22)—or they 
are double-fired—that is, both rows simultaneously, as shown 
in Fig. 23. In Figs. 20 to 23 the irregular lines that connect 
the holes represent wires through which electric currents are 
passed to ignite the blast. 


19. Enlarging the Heading.—In that portion of the 
heading shown in the figures just mentioned, the holes are 
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drilled directly into the face of the heading. After they are 
fired and the material is removed, side holes are drilled at 
an angle of about 60° with the center line, denoted by the 
letters CZ, as shown in section in Fig. 24 and in plan in 
Fig. 25. 


20. Removing the Benech.—The bench is taken out 
in two sections, B and 4’, as shown-in section in Fig. 26. 
The full tunnel section is shown by dotted lines. 

The holes in the bench are inclined backwards from a 
vertical line. A longitudinal section through the center line, 


22 TUNNELS $50 


showing the usual mode of drilling headings and benches, is. 
given in Fig. 27. The center-cut holes in the heading H and 
all the bench holes at B and A’ are usually fired together, 
and then the double side rounds in the heading. The center 
cut offers the greatest resistance to blasting. The holes are 
consequently ioaded with more powerful explosives than are 
used for either side rounds or bench. 

In driving the New York aqueduct tunnel, the cut was 
loaded with dynamite containing from 60 to 80 per cent. of 
nitroglycerine, while the average bench powder contained 
but 40 per cent. of nitroglycerine. On some sections, where 


YY 
Yj:é/ “Yjypyywyjwy 
om [i 
LY yyyyywywvr—w/ FYJyvyvpynvvyvy 


Fic. 27 


rock of special hardness was encountered, the cut was 
loaded with pure nitroglycerine. This operation, however, 
is always attended with great danger. After severai pre- 
mature explosions, resulting in considerable loss of life, the 
use of pure nitroglycerine was abandoned. The effect of 
firing the cut is generally to pulverize the rock, and all tunnel 
blasting is intended so to break the rock as to render the use 
of sledges unnecessary in reducing masses of rock to sizes 
convenient for loading. 

The efficiency of the powder depends largely on the judg- 
ment used in locating the holes and on the angle at which 
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they are bored. The position of the machine while drilling 
holes at the foot of the bench is shown at C, Fig. 27. 


21. Power Plant.—The plant for furnishing the power 
used in driving a tunnel will vary in size according to the 
length of the tunnel. For a tunnel of moderate length, a 
single plant located near one of the portals will usually pro- 
vide all the power necessary to run the machinery for drilling 
and pumping that is used in both headings, and also to venti- 
late the tunnel. For a tunnel of considerable length, it is 
usually better to install a power plant at or near each end. 
In short tunnels through rock, it is sometimes the practice 
to work the power drills by steam without the use of com- 
pressed air; in such cases, the steam is furnished from the 
boiler direct to the drill. In driving the Pryor Gap tunnel, 
on the Burlington & Missouri River Railroad, three power 
drills were used in each end, the drills taking the steam 
through hose from the boiler. A 16-horsepower upright 
boiler furnished sufficient steam to run the three drills. In 
one of the tunnels, previously referred to, fourteen power 
drills worked by compressed air were used at each end of the 
tunnel. All material taken into or out of the tunnel during 
construction was hauled by electric motors; the tunnel was 
lighted by electricity, and the foul air was drawn out by 
means of large centrifugal fans. In addition, a large quantity 
of water was pumped through the tunnel from the east end, 
which was at the upper end of the gradient. In order to 
furnish sufficient power to run all this machinery, a large 
power plant was installed at each portal of the tunnel. At 
the east portal, six 150-horsepower boilers with air com- 
pressors, pumps, dynamos, and fans were required; and at 
the west portal, three 150-horsepower boilers with the 
necessary machinery were used. 


22. Ventilation.—When the tunnel heading is not very 
far from the mouth of the tunnel, and especially in clear 
weather, the gases formed by the combustion of the powder 
used in blasting will clear away with sufficient rapidity not to 
hinder the work; but in dull, foggy weather, and when the 
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distance from the heading to the mouth of the tunnel is great, 
several hours may elapse after a blast before the tunnel 
heading will become even reasonably free from smoke. 
Contractors frequently make the serious mistake, from a false 
idea of economy, of neglecting to take the means necessary 
to clear the air so that men can properly work in it. Men 
cannot and will not do full work in a tunnel reeking with 
powder smoke. To do effective work, each man should 
have a supply of 100 cubic feet of pure air per minute. If 
there are twenty-five men in the heading, the supply of 
pure air should therefore be 2,500 cubic feet per minute. 
The 70-horsepower compressor that will be necessary to 
run the drill in such a heading will deliver to the driils 
about 500 cubic feet of free air per minute. So far as 
it goes, this is available for ventilation, but it only supplies 
one-fifth of the amount of air that is really necessary. The 
remainder may be supplied by blowers; but this method 
is objectionable on account of the fact that, when the 
pure air is forced into the tunnel by blowers, this means 
that the foul air must be displaced along the total length 
of the tunnel to the outlet. A preferable method is to 
use exhaust fans, which remove the powder smoke and 
foul air through pipes directly from the heading, and which 
by suction draw in a supply of fresh air from the outside 
of the tunnel. 


23. Lighting.—The older method of lighting a tunnel 
during construction was by the employment of miners’ 
lamps or of candles. These are exceedingly objectionable, 
because they not only consume the supply of fresh air, which 
in a tunnel has a considerable value, but they also add still 
more to the smoke of the tunnel and give out an offensive 
smell. Such a method of lighting has been almost entirely 
superseded by the use of electric lights, provided that a 
power plant is used in connection with the construction of 
the tunnel. Electricity has the advantage of furnishing a 
brilliant light, which consumes no oxygen and makes no 
smell or smoke. Aimost its only disadvantage lies in the 
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fragility of the globes and the danger of their being broken 
during the blasting. 


24, Shafts.—A tunnel shaft is an opening or passage- 
way extending from the surface of the ground to the grade 
of the tunnel. Shafts are usually made vertical and on the 
- center line of the tunnel. They are-used during construction 
to facilitate the work of excavating by affording access to 
the tunnel at intermediate points between the portals. Work 
is carried on in the tunnel in opposite directions from the 
bottom of a shaft; this shaft serves as a tunnel entrance 
through which excavated material is hoisted and surplus 
water pumped; and also as a passageway for pipes convey- 
ing compressed air and for admitting necessary construction 
material. Shafts are also useful in affording ventilation to 
adjacent sections of a tunnel and in facilitating ventilation 
through the tunnel after the excavation reaches the shaft 
from the portal. 


25. Shaft Lining.—When a shaft is sunk through solid 
rock, the walls are self-sustaining and usually require no 
lining except acurb at the top of the shaft. When, however, 
a shaft is sunk through loose material, it is necessary to use 
a lining in order to prevent the sides from caving in. 
Such a lining is usually made of timber, and is put in, as the 
shaft is sunk, in the following manner: Rectangular wooden 
frames, shown in plan at a, Fig. 28, are made of the required 
dimensions to fit inside the shaft. These frames are spaced 
about 4 feet apart vertically as the shaft is sunk, and behind 
them is placed lagging on end, and in close contact, as 
shown at 6. Such lagging may consist of sawed timber or of 
half-round poles split from young trees, as may be more con- 
venient. As each frame is placed in position, it is supported 
by struts footing on the bottom of the shaft; or, if the walls 
are sufficiently firm, the frames are held in place by wedges, 
until another set is required, when timber struts c, mortised 
into the frames, form the permanent support. These struts 
are placed one above the other, and, together with the 
frames into which they are mortised, form continuous timber 
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columns extending from the bottom to the top of the shaft. 
With each set of timbers, a horizontal timber d, called a 
bunton, is placed with ends abutting against the vertical 
timber e. A beveled seat with a square shoulder is cut on 
the vertical timber for each bunton. The buntons are held 
in place by wedges shown at /; these wedges are forced 
between the bunton and the shoulder of the beveled seat. 
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As the wedges are tightened, the bunton is forced down- 
wards until it is perfectly rigid. Vertical timbers g,g are 
spiked to the buntons and to the ends of the frames, to 
serve as guides for the carriage. A detail of the splice of the 
carriage guide is shown at #, and of the wedges at&. Since 
the pressure of the earth against the sides of the shaft lining 
is usually sufficient to hold the timbers in place, there will 
‘not be much necessity for using spikes or bolts for such 
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purpose. Where fastenings of some character are required, 
it is better to use wocden pins in preference to iron, since 
most shafts are wet and iron will be liable to rust rapidly. 


26. Removing Excavated Material.—The material 
excavated in tunnel driving is called muck. Various 
methods are employed for handling the muck, which is 
removed by loading it into dump cars at the foot of the 
bench and hauling it away. When there is a sufficient 
descending grade from the bench, the loaded cars can be 
run by gravity either to the foot of a shaft, where the 
material is hoisted to the surface, or to the waste dump 
outside the tunnel entrance. Where the grade will not 
permit running the cars by gravity, they are hauled by 
mules or by some form of steam or electric motor. The 
muck cars are operated on a track of 2 feet or 8 feet gauge, 
and are of capacities varying from 1 cubic yard to 8 cubic 
yards each. Usually, a double track is built, which allows 
loaded and empty cars to pass on separate tracks without 
delay. When the cars are hauled by mules, a single loaded 
car usually constitutes a load; but when a motor is used, the 
cars can be moved in trains of from ten to sixteen cars. 
When a single track is used, it is generally laid on the center 
line of the tunnel, with passing branches at suitable intervals. 

In Fig. 29 is illustrated a good arrangement for handling 
the muck from a bench and heading over a single track, the 
same arrangement being suitable for a double track. Ata 
distance of about 100 feet from the bench, a simple switch is 
built and two tracks C and ZD are laid to the bench, as 
shown. A plank runway / extends from the heading out 
over the tracks, being supported at suitable intervals on 
scaffolds #,#. The muck from the heading is loaded 
into barrows, wheeled on the runway a sufficient distance, 
and dumped directly into the cars. A simple and effective 
form of scaffold consists of two pieces of wrought-iron pipe, 
one telescoping within the other, both being provided with 
clamps by which they are adjusted to the required length. 
Such a scaffold is placed in position with the ends of the 
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pipe abutting against the sides of the tunnel with sufficient 
force to support the runway andthe load on it. The air for 
working the drills is carried from the air pipe G to the bench 
by means of the bench hose #. ‘The manifold A’ attached 
to the end of the bench hose contains hose connections for 
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all the drills. A ditch Z on the opposite side of the tunnel 
from the air pipe drains the tunnel. 


27. Care of Track.—It is important to keep up a good 
track on which to haul the cars through the tunnel; and, in 
order to avoid frequent breakdowns and derailments, the 
track should be built of heavy material in a substantial 
manner. As the work advances from the tunnel entrance 
or from the foot of the shaft, the track will have to be 
lengthened to cover the increased distance. A common 
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fault with contractors is a mistaken notion of economy in 


this particular. 


Worn-out and cracked rails, poor fastenings, 


poor ties or very few of them, although apparently cheap, 


are really expensive, since derail- 
ments are continually occurring, 
which involve costly delays. Short 
rails of varying lengths are required, 
so that the track may be kept con- 
tinually within a short distance of 
the bench. A supply of rails and 
ties, together with the necessary 
track tools, should be constantly on 
hand, so that the track may be 
promptly added to as desired. 
When a single track is used, passing 
branches are built at suitable inter- 
vals, where returning empty cars are 
switched to pass the loaded cars 
going out. 

A good form of passing branch 
is shown in Fig. 80; this is connected 
with the main track by two switches, 
which are made self-acting by the 
simple device shown in the figure. 
The points of the switch rails a 
and 6 are connected by a clamp rod, 
attached to a spring cd, which is 
constantly acting and holds the 
point a close against the main rail ef, 
and the switch is constantly set for 
the passing branch &/. The switch 
points m and xz of the second switch 
are kept in place by the spring of, 
the switch being always set for the 
main track gv. An outgoing car 
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running in the diréction vg finds the switch Y set for the 
main track. On reaching the switch X, the flange of the 
vight-hand wheel, passing between the rail ef and the switch 
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point a, forces the switch point 4 against the rail s/, and the 
car passes the switch in safety. A returning empty car 
finds the switch X set for the passing branch #/; in going 
from the branch to the main track, the flange of the head- 
wheel, as it passes between the rail «w¢ and the switch 
point m, forces the switch point 2 against the main rail e/, 
and the car passes safely on to the main track. The 
springs cd and of are elastic young saplings kept in place 
by strong staples driven into the switch ties. 


28. Directing the Excavation.—It requires constant 
attention and watchfulness on the part of the engineers to 
direct the excavation in its proper direction and elevation. 
There is a constant tendency to keep above grade, which 
is possibly due to the unconscious effort to avoid the water 
that is constantly accumulating. Grade points should be 
established at least every 25 feet. Since the blasting cannot 
loosen the rock so that the excavated section will conform 
closely to the theoretical lines, the points of rock that project 
into the theoretical section after the blasted material is 
removed must be taken out by picks, wedges, and sledges. 
As this is slow and expensive work, it is usually a matter of 
economy to drill the blast holes so that they will reach 
a depth of about 1 foot beyond the limiting or theoretical 
section, so that the entire section will be removed by the 
blasting. 


29. Timbering.—When the material is earth or rotten 
rock, the tunnel must be timbered. The timbered section 
should be enough larger than the standard section to admit of 
a masonry lining. When the material is such that the side 
walls will stand of themselves for a time, benches 4 and B, 
Fig. 31, are excavated near the springing line, and sets of 
timbers are placed as shown in the figure. Iron clamps, 
shown at C and JD, hold the timbers together while the 
lagging -, Fis being placed. The spaces G, HW between the 
lagging and the roof are filled with dry rubble or cordwood. 

Roof timbers should be either 12 in. x 12 in. or 12 in. 
X 14 in.; they should be placed with 2 to 4 feet clear space 
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between two sets. Where the ground is very soft, with a 
tendency to expand, larger timbers may be necessary. 
Hemlock, yellow pine, or spruce is commonly used. In 
special cases, where great pressure is to be resisted, oak is 
used. When the side walls will not support the roof timbers, 
the latter are carried on supports arranged as shown in 
Fig. 32. Four posts 4, C, D, and B, resting on sills O,P, Q, 
and #, are mortised into the cap EF. The roof timbers 
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G, H, K are clamped together as in Fig. 31, and mortised 
into the cap at the springing line. The pressure against the 
roof timbers is relieved by the struts Z, 17, NV, U, and V, 
which transfer the pressure to the posts C and D and the 
cap EF. The dimensions of timber given in the drawing 
are such as are used where the pressure is great; they will 
meet the requirements of most situations. The lagging 
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may be either sawed timber or split poles, obtained by 
splitting in half straight-grained chestnut or oak saplings. 
The backing may be either dry rubble or concrete. The 
side walls are all of well-scabbled rubble of good-sized 
stones, with even beds, laid in courses with cement mortar. 
The impost courses S and 7 should be of well-cut stone 
not less than 12 inches in thickness and the full width of the 
wall. The arch is of either brick or rubble. The caps and 
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roof struts interfere somewhat with arching. Holes are left 
in the masonry where these timbers interfere until a section 
of the arch is completed, when they are removed and the gaps 
are filled with masonry, the joints being thoroughly grouted. 
All other timbers are left in place. The spaces X,Z, etc., 
Fig. 31, between the arch and roof timbers are usually filled 
with concrete. 
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30. When the material through which the tunnel passes 
is very soft, with slight coherence, all the energy and skill 
of engineer and workmen are required to make headway. 
It is considered the better practice to drive the heading at 
the bottom of the tunnel instead of the top, the reason being 
that, by the time the heading is driven, the ground com- 
posing the remainder of the section will have become thor- 
oughly drained, and may be taken out with much greater 
safety and less expense than would be the case with a top 
heading. The mode of driving a heading through such 
material is illustrated in Fig. 33, which represents a cross- 
section and a longitudinal section of the heading, with a 
complete system of timbering. 


A full section of timbers, as cecd shown at a, is called a 
set; the upright timber c is called the leg; the horizontal tim- 
ber d, the sill; ande, the cap or collar. The short boards /, ¢ 
that extend from collar to collar and are in direct contact with 
the sustained material are called poling boards. They are 
sharpened to a cutting edge, and are driven into the face of 
the heading with sledges, a wedge-shaped block g being placed 
above them to keep them at a proper angle. The planks / 
that protect the sides of the heading are termed lagging. 
‘The flooring & serves to exclude the liquid mud, which would 
otherwise be forced from underneath by the external pres- 
sure. The horizontal cross-timber /, as well as the longitu- 
dinal timbers m and 2, are called struts. The flooro serves 
as a footing for the workmen while driving the poling boards. 
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831. If the material penetrated is wet enough to run, it 
is necessary to constantly maintain a bulkhead of planks 2, 
Fig. 33, called face boards, held in place by struts g. As 
the poling boards are driven forwards, the top face board is 
removed, allowing the released material to flow into the 
gangway. This forms a cavity in the face of the heading, 
and immediately another bulkhead is started by placing a 
face board y in advance of the boards at f, with a strut s to 
keep it in place. When the heading is advanced half the 
length of the poling boards, a new set of timbers is put in 
place, the collar of which takes the strain from the poling 
boards, which would otherwise be soon broken by the great 
pressure above them. 

As the section is enlarged, other timbers are substituted, 
until the complete section is excavated. The masonry lining 
should follow immediately. The less important timbers 
may be removed as the masonry advances; but the main 
supports should remain in place; the masonry should be 
built around them, and they should not be disturbed until 
the arch is keyed. ‘They can then be removed with safety, 
and the vacancies in the masonry carefully filled and grouted. 
All open spaces back of the masonry should be filled with 
well-rammed concrete. 


32. Measuring Excavation.—Various methods are 
employed for determining the cross-section of the tunnel in 
order to compute the volume excavated. The best device 
is the following, illustrated in Fig. 34: A semicircular pro- 
tractor a6 with a diameter of from 8 to 10 feet, and made of 
light pine, is set up at right angles to the centei line of the 
tunnel. The diameter aé of the protractor is brought into a 
horizontal position by means of the spirit level c, and 
placed at any desired height above the floor of the 
tunnel. It is not necessary that the center d should be on 
the center line of the tunnel, but its exact position with 
reference to that line should be very accurately determined. 
A sliding rod de, one end of which is fastened to the center d 
of the protractor, measures the distances to the tunnel walls 
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on radial lines. The angles that these lines make with the 
horizontal are read directly from the protractor. The tunnel 
section and the actual working measurements are then 
platted on cross-section paper, from which the area of the 
cross-section can be readily calculated, or it can be measured 
with a planimeter. Cross-sections are taken at intervals of 
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about 10 feet. As the distance between them is so small, 
and as, besides, the areas are nearly equal, the volume 
between any two of them is computed with sufficient accuracy 
by the method of averaging end areas. 


TUNNEL LINING 


33. Requirements.—Some kinds of rock are so hard 
and firm and so unaffected by exposure to the air that they 
may be safely left in their natural state without any kind of 
lining. Where lining is necessary, almost the only suit- 
able material is masonry in some form. The character and 
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thickness of the lining are purely matters of judgment and, 
unfortunately, of judgment that is little better than guess- 
work. Although a reasonably close estimate may be made 
of the capacity of a given form of lining to withstand a 
given stress, the amount and character of the stresses to 
which a tunnel lining will be subjected are frequently matters 
that can at best only be roughly approximated. If a tunnel 
is merely a subsurface tunnel carrying a definite load on the 
surface, the problem is comparatively simple; but when, as 
sometimes occurs, the tunnel passes through strata of soft 
material, which are themselves in a state of unstable equilib- 
rium, there is a tendency to distortion and crushing by forces 
that cannot be accurately known or measured. The only 
method to be followed in such cases is to adopt a lining that 
is probably strong enough, and to watch the tunnel carefully 
for any evidence of settlement or failure. 


34. Timber and Masonry Lining.—Timber is fre- 
quently used as the so-called permanent lining of a tunnel, 
but it hardly deserves the name of permanent, since it can- 
not be expected to last indefinitely. If the outside of the 
tunnel were perfectly dry, as is the case with the framing 
timbers in the roof of a house, or if, on the contrary, the 
timbers were constantly wet, as they would be under water, 
they might be expected to last almost indefinitely; but, in a 
tunnel, neither of these conditions obtains, the timber being 
subject to constant alternations of wetness and dryness, 
which promote rapid decay. A timber lining should there- 
fore be constructed with the idea that it will be renewed or 
replaced by a masonry lining. Sometimes, the tunnel is 
excavated with such a width that, even after the timber 
lining is put in, there is sufficient space to build a masonry 
lining covering the timber and still have sufficient clearance 
room for the cars. This, however, is bad practice, especially 
when the ground is soft and treacherous, for in time the 
timber will decay utterly and permit the earth above the 
tunnel to drop down on the masonry lining. The impact of 
a great mass of soil is likely to develop a high pressure that 
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may cause serious damage to or even crush the masonry 
lining. A better way to substitute a masonry for a timber 
lining is to take out all the timber, even the cordwood that 
is frequently used to fill up the irregularities caused by the 
blasting, and to substitute a masonry lining with a backing 
of concrete to fill up all gaps. 


55. Arch Masonry Lining.—When the earth pressure 
becomes very great, it may be necessary to put in a masonry 
lining that is arched, not only at the top, but also on the 
sides and bottom. In Fig. 35 is shown an illustration of the 
lining of an Austrian 
tunnel. The side 
walls were construct- 
ed in an arched form 
of brick, which rests 
on a line of stone 
quoins at the lower 
corners. The dotted 
lines’ across the bot- 
tom show how, in es- 
pecially soft ground, 
even an inverted ZY = cll) 
arch was considered YY WN OP aa _ NN yy Y 
necessary. The tim- Lee Le 
bering is very heavy. y Ye H@$# HE. 
Two headings were Hogs 
made, both in the center line, one at the bottom and the 
other at the top of the final full section. It should be noted 
that the brickwork is carried behind the arch line proper, so 
as to entirely fill the space between the arch and the lagging, 
the timbers being entirely taken out as fast as the brick 
lining was sufficiently complete to allow the safe removal of 
the timber. 


Z 


386. Centers and Molds.—In putting in a masonry 
lining for a tunnel, forms or patterns are used to show 
the exact outline of the masonry required. Such patterns 
vary in number and shape according to the form of lining 
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and the kind of masonry used. Where the excavation is 
lined on the bottom, as well as on the sides and roof, the 
masonry work is divided into three parts; namely, the invert, 
or floor, masonry, the side-wall masonry, and the roof-arch 
masonry. A separate pattern is required in constructing 
each part of the lining; these patterns are called, respect- 
ively, ground molds, leading frames, and centers. The 
shape and construction of each form or pattern will be 
described. 


o7. Ground Molds.—A ground mold for tunnel 
masonry consists of a wooden frame or pattern of exactly 
the form and dimensions of the cross-section of the masonry 
used for the floor lining. A good form of ground mold is 
made of plank about 3 inches thick; it is of such shape that 
its lower edge fits the surface of the excavation, and its upper 
edge fits the curve of the masonry 
floor. Such a mold is illustrated 
in Fig. 86. In order to afford 

Fic. 36 convenience in handling them in 
a restricted space, ground molds are usually made in two 
parts, which are joined together in the middle by an iron 
plate on each side, as shown in the figure. The plates are 
bolted through from side to side. In using the molds, they 
are placed at right angles to the axis of the tunnel if the 
tunnel is straight, and on radial lines if the tunnel is on a 
curve. They are centered by means of a transit, and leveled. 
until the top of the mold is at exactly the proper elevation. 
Usually, two molds are employed, at a convenient distance 
apart, and cords are stretched tightly from one to the other 
to mark the outline of the masonry. Sometimes, only one 
mold is employed, in which case the outline of the finished 
masonry is used instead of another mold. 


38. Leading Frames.—As already stated, the forms 
or patterns for the side walls are called leading frames. 
They are usually made of plank of suitable thickness; one 
edge is cut to the curve of the excavation of the side of the 
tunnel, and the other edge is made to conform to the face of 
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the side wall. In Fig. 37 is shown a form of leading frame 
suitable for use in a tunnel whose side walls slope inwards 
toward the bottom. Leading frames, when in position for 
use, are commonly set with the lower portion in contact with 
some fixed part of the ground. The position of the top can be 
fixed by means of a plumb-line or spirit level, as may be con- 
venient. In Fig. 37 is shown the relative position of a ground 
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center. Tunnel centers 
are usually required to 
support the roof pressure, 
in addition to the weight 
of the masonry during the 
construction of the roof 
arch, and for this reason 
they must be made strong. 
They are generally similar 
in form to centers used for 
ordinary arch masonry. In 
tunnel work, owing to the 
confined space in which the work must be done, it is 
customary to omit the center or radial bracing of the arch 
centers. Where heavy loads have to be supported, the tun- 
nel centers are trussed in such a manner as to leave room 
for working under the central position. A good form of 
trussed center is shown in Fig. 38. Where the lining is 
made of concrete, a special form of center is used, which 
is mounted on wheels and is moved on a track through 
the tunnel as the work progresses. 


Leading frame 


Fic. 37 


40. Lagging.—The lagging consists of narrow strips 
secured to the outer surface of the arch frames, and spanning 
the opening between adjacent centers. The outer surface of 
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the lagging is made to conform exactly to the curve of the 
roof arch, and forms the mold for the surface of the arch 
masonry. For stone masonry, the strips of lagging are placed 
so as to come under the joints between the ring stones, leav- 
ing an interval between adjacent strips. For brick and con- 
crete arches, the strips are laid close together. The lagging 
should be strong enough to hold up the arch masonry, and 
also to support the short props that keep the poling boards 
in place after the timber supports 
have been removed, and until the 
masonry is completed. 


41. Striking the Centers. 
The centers are brought to the 
proper elevation by means of 
wooden wedges inserted between the bottom of the posts 
that support the centers and the floor of the tunnel. These 
wedges are usually made of hard wood, and are about 6 inches 
wide, 4 inches thick, and 18 inches long. After the masonry 
is completed, these wedges are withdrawn, allowing the center 
to drop clear of the masonry; this operation is called stri- 
king the centers. Usually, the centers are not struck 
immediately after the masonry is completed, but are allowed 
to remain a sufficient time to allow the mortar to set hard. 


42, Portals.—The name portal is applied to the facing 
that is usually built at each end of a tunnel. Even when the 
main body of the tunnel is not lined, it is usual to construct 
a facing of masonry at the end, as the roof of the tunnel is 
usually rather thin at the ends, and the disintegrating action 
of the weather on a roof of solid rock might, in time, cause 
a dangerous breakage. It sometimes happens that the 
natural surface outside the end of the tunnel is nearly or 
entirely vertical. When this occurs, the material is usually 
very solid rock, and it may be safe to leave the portal unlined. 
If the soil over the mouth of the tunnel is composed entirely 
or mainly of earth, it is not only necessary to have a lined 
portal, but it requires unusual care to construct the portal 
without inducing landslides. Structurally, the portal has 
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very much the same appearance as the end of a large arched 
culvert. Above the arch is the usual parapet, from the top 
of which the earth slopes back, the slope being such as is 
consistent with stability. The height of the parapet above the 
arch depends on the depth to which the open-cut approach 
is made before the tunnel is begun. From each side of the 
tunnel two wing walls are run out. If the open-cut apprwach 
to the tunnel is very long, and is unusually deep at the portal 
end, the wing walls may run parallel to the line of the road, 
with a gradually diminishing height. In other cases, side 
walls are run out from the portal face perpendicular to the 
line of the road. ; 

The construction of these portals is a serious problem for 
the engineer. Sometimes it is effected by sinking a shaft at 
such a distance from the portal that the natural roof of the 
tunnel is so deep and strong that the tunnel section between 
the shaft and the portal may be excavated and lined without 
difficulty. The excavation then proceeds back toward the 
portal, and by the time the very thin roof immediately over 
the portal is reached, the lining of the tunnel prevents any 
serious landslide, and it is comparatively easy to break 
through. If the portal is constructed by beginning at the 
outside, there is a danger that the loosening of the earth 
during the tunnel excavation will cause a landslide that will 
sweep away the tunnel timbering. This is sometimes pre- 
vented by anchoring the timbering immediately back of the 
portal with a mass of heavy stones, so that, if a landslide 
occurs, it will not disturb this weighted timbering. 

Frequently, the design of tunnel portals is made somewhat 
elaborate, but this must be considered a matter of architecture 
rather than of engineering. 
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DAMS 


INTRODUCTION 


1. Classification of Dams.—Dams are divided into 
several classes, according to the material of which they are 
composed. ‘The principal classes, and those that will be 
described in this Section, are masonry dams, which are 
built of masonry, either cut stone, rubble, or concrete, or a 
combination of these materials; and earth dams, which are 
built of earth, with a masonry center wall. Some dams are built 
of earth alone, but unless the dam is of a very insignificant 
height, this kind of construction is not to be recommended. 

When rock on which the proposed dam can be built is 
found on the bottom and at the sides of the valley, a masonry 
dam is always to be preferred. If no rock is ‘found, 
so that the dam must be built on an earth foundation, an 
earthen dam, with a masonry center wall, is greatly to be 
preferred, as being more secure. If, as is frequently the 
case, rock exists on one side of the valley and not on the 
other, the dam may be of a composite character; the cen- 
ter wall and earth embankment must be placed on the side 
where there is no rock foundation. 


2. Preparations for Construction.—After a compar- 
ison of all the locations examined and studied, both on the 
ground and on paper, the site of the dam is definitely deter- 
mined. The next thing is to prepare for construction. 
For this purpose, the center line of the dam is run out and 
established by permanent monuments, either of stone, or, 
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although less advantageously, of strong posts driven into the 
ground with their heads nearly level with the surface, so that 
an instrument can be conveniently set over them. Two of 
such monuments should be set at each end of the center line, 
perhaps 100 feet apart, making four in all, so that there shall 
be no danger of losing the line by the destruction or dis- 
placement of any two of them. The whole area that is to be 
in any way worked over in the construction of the dam is 
then cross-sectioned by dividing it into squares 25 feet or 
less on a side, and taking the elevations of all the corners, 
with intermediate points if the topography of the ground 
requires it. The squares with the elevations of their corners 
above datum are mapped in duplicate or even triplicate. 
One copy should be kept in a place of perfect security, as 
this map constitutes a record of the ground before any work 
was commenced, and from it all the excavation and embank- 
ment—in a word, all the work that changes the face of the 
ground—are calculated for the partial and final estimates. 
The importance of taking and securing this record must not 
be underrated, as it is the only way to know what work has 
actually been performed, and to settle disputes that may 
arise regarding such work. This cross-sectioning will 
require a great number of stakes to be driven. As these 
stakes are not permanently preserved, they may be of very 
light material. 

At least two permanent bench marks are established in 
convenient locations, and, by means of these, temporary 
ones can be set as they are needed for the work. 
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EARTHEN DAMS WITH MASONRY 
CENTER WALLS 


CENTER WALL 


3. Purpose.—In earthen dams, the center wall is the 
first thing to be considered. This wall should be carried 
down to a water-tight foundation, if possible, and its ends 
should be deeply embedded in the sides of the valley. Its 
object is two-fold: first, to afford an impermeable and 
indestructible cut-off to any water that might otherwise 
percolate through the bank, either because the bank itself is 
not impermeable, or because it has been perforated by musk- 
rats or other burrowing animals; second, to afford a means 
of making water-tight connections for the culverts or pipes 
used for conveying water from the reservoir. Without such 
water-tight connection as the cut-off wall offers, there is 
always danger that the water may flow outside of these pipes, 
form a channel in the bank, and finally cause the destruction 
of the dam. Several instances of failures from this cause 
are on record. 


4, Foundations.—In building the center wall, the first 
consideration is the foundation. The wall should be carried 
down until a stratum is encountered that appears to be 
impermeable. Generally speaking, the finer the material, 
the better it is as a foundation. Fine gravel or sand is prob- 
ably the best; but even when these are mixed with clay, they 
form an excellent material on which to found the center 
wall. Fine sand with smooth, round grains, mixed with a 
large percentage of clay, constitutes what is known as 
quicksand, and when found at a certain depth below the 
surface, so that it cannot escape laterally, forms a good 
water-tight foundation. Loose, coarse gravel containing 


4 DAMS §51 


large stones or cobbles is about the worst material that can 
be encountered. When such material is found, the center 
wall must be carried down to a much greater depth than 
would otherwise be necessary. Increased depth of founda- 
tion compensates to a considerable extent for poor quality of 
material. 


5. Dimensions.—The center wall should be carried up 
as high as the level of the highest water in the reservoir. 
Its thickness at the surface of the ground should be one-. 
quarter of the height, and this thickness may be reduced by a 
batter of 1 inch to the foot on both sides, or, preferably, by 
building the wall with vertical sides and stepping in 2 feet 
(1 foot on each side) every 10 feet, which amounts to about 
the same thing. As the foundation ascends the sides of the 
valley, it is stepped up, but care must be taken to keep the 
bottom of the wall well below the surface of the ground and 
well embedded in good material. The ends of the wall must 
also be carried well into the banks forming the sides of the 
valley. 


6. Puddle Walls.—Sometimes, the masonry center wall 
is replaced by a puddle wall. Puddle is a mixture of clay 
and gravel or sand, which are well mixed together, carefully 
moistened, and rammed in place. When well made of 
selected materials and properly placed, it makes a safe and 
satisfactory. wall, and is somewhat cheaper than masonry. 
This class of construction is general in England, where the 
work is thoroughly understood, and carried to a high degree 
of perfection. It is very much less common in the United 
States, where the masonry center wall has become typical 
of American practice. Since the puddle wall requires very 
careful selection of materials and many minute precautions 
in their preparation and placing, the work must be performed 
by skilled labor. For these reasons, a masonry wall is 
generally to be preferred. 


7. Concrete Walls.—Concrete can be advantageously 
employed for the construction of the center wall. A center 
wall built of this material is very strong, because of its 
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monolithic character; and, as the concrete work is done by 
machinery and unskilled labor, it is cheaper than a masonry 
wall. 


EMBANKMENT 


8. Form and Material.—The center wall, as described, 
forms the core about which the earthen embankment is 
formed. This embankment rises to a certain height above 
the top of the wall, which height depends on circumstances 
to be considered hereafter. The embankment is flat on the 
top, and has a gentle slope on each side, the rate of slope 
depending greatly on the material of which the bank is 
formed. The best material is a fine gravel or coarse sand, 
such as is suitable for making mortar. Clay, although per- 
fectly water-tight when confined, is a treacherous material in 
a bank, because it is so fine that it actually dissolves in the 
water, and is liable to be washed away in the form of semi- 
fluid mud. Its cohesiveness is also a very objectionable 
feature; for, if a cavity is formed in a clay bank, it remains 
open indefinitely, whereas the tendency of a bank composed 
of sand and gravel is to close all such openings. Thus, if a 
bar is forced into amass of clay and then withdrawn, it 
leaves a round hole, the size of the bar; but if the same 
thing is done in a bank of fine gravel or sand, the space 
occupied by the bar is immediately filled up by ie material, 
when the bar is withdrawn. 


| 9, Method of Building.—The earthen embankment 
should be carried up in horizontal layers, and kept constantly 
moist by sprinkling. In many specifications, it is provided 
that these layers must be consolidated witharoller. This is 
of doubtful expediency, for the tendency of rolling is to form 
separate and distinct layers or “‘partings”’ in the bank. Ifthe 
material is brought to the bank in wagons, and evenly spread 
by shovels and horse scrapers, being kept constantly moist 
meanwhile, the travel of the men, horses, wagons, and 
scrapers is generally all that is needed to secure a good bank. 

Before placing the embankment, the natural surface on 
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which it is to stand must be 
carefully stripped of all sods, 
roots, and vegetation, so that 
the first layer of the earthen 
embankment may rest on and 
incorporate itself with clean 
earth. Thisis particularly nec- 
essary under the inner slope. 


10. Slope.—A fair aver- 
age for the outside slope, that 
is, the slope on the lower or 
down-stream side c, Fig. 1, is 
1 vertical to 2% horizontal. 
A somewhat flatter slope is 
advisable on the inside or 
water side a of the bank, say 
1 vertical to from 23 to 3+ 
horizontal. In a high em- 
bankment, say 50 feet or 
more, it is better to divide 
the inside slope into two or 
more steps, as shown in 
Fig. 1. From the top, a slope 
of about 1 to 2% is carried 
down for 25 or 80 feet, and 
then a derm 8 to 10 feet wide 
is introduced. From this 
point, the slope is continued 
with a somewhat flatter 
grade, as 1 to 8, for another 
25 or 30 feet, when another 
berm is introduced, and the 
slope is again continued, 
either with the same grade as 
before or, preferably, with a 
grade somewhat flatter, as 1 
toles: 
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The inside slope, next to the water, should be carefully 
paved, or ripraped with stone for a thickness of from 1 foot to 
2 feet, from the bottom to a point well above the high-water 
line. The greatest thickness should be between the first 
berm, as above mentioned, and the top of the dam, for that 
part is most exposed to wave action. The stone composing 
this paving must be placed and packed by hand, not dumped at 
random. The outside slope should be sodded, or at least sown 
with grass and carefully tended until a good sod is formed. 


11. Designs of Dams.—Fig. 1 shows all the construct- 
ive features in a general way, and represents a good type of 
earthen dam. In this figure, a is the inner slope of the 
embankment; 6,6, the earthwork embankment; c, the outer 
slope; and d, d, the natural loose material under the embank- 
ment from which the vegetable soil has been stripped, as 
shown by the lighter shading at ¢,e. The original surface of 
the ground is shown by the dotted line m,m; & is the center 
wall, carried well down into the compact sand and gravel , 7. 
The line » shows the high-water level, or level of freshet 
overflow, and s is the low-water level, or level at which over- 
flow begins. It will be perceived that several of the dimen- 
sions depend on #, which is the vertical distance from the 
natural surface of the ground to the level of the overflow, or 
lip of the spillway. If the dam crosses a deep and wide 
stream, H7 must be taken equal to the vertical distance from 
the bottom of the stream to the lip of the spillway. 

The thickness of the earth embankment at the level of the 
lip is taken equal to H. The earth embankment is evenly 
divided by the center line of the dam. The center wallis given 


a thickness at the base equal to z and at every 10 feet it is 


stepped in 1 foot on each side. There is also a small offset, or 
footing, given to the foundation, which is carried down to a 
secure formation of fine sand and gravel. The top of the 
center wall is carried up to the height of high-water level in 
the reservoir, or to a height equal to H+ D, D being the 
depth of notch of the spillway. 
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The following illustrative example will show how the 
above principles are applied: 


12. Referring to Fig. 1, let H = 48 feet, and D = 2.5 feet. 
The center wall commences with a thickness of 12 feet. At 
a height of 10 feet, it is drawn in by offsets to 10 feet; at 
20 feet, to 8 feet; at 30 feet, to 6 feet; and at 40 feet, to 
4 feet, which thickness is. carried through to the top. The 
total height of the center wall above the foundation is 
48 +2.5 = 50.5 feet. The embankment is carried up 8 feet 
above the level of the spillway; at the level of the spillway, 
or low-water line, it has a thickness of 48 feet, the top width 
being 8 feet. At a depth of 27 feet below the spillway, a 


berm 10 feet wide is introduced, and the slope is continued at 
the rate of | to 8. These dimensions and proportions repre- 
sent safe minimum values under ordinary conditions; they will 
be found to furnish a sound basis for the designs to which 
they apply, subject to modification for local conditions. 


18. Another Design.—An excellent, though somewhat 
more expensive, design for the top of the dam is shown in 
Fig. 2. In this form of dam, the center wall is extended 
through the embankment and forms a parapet wall along the 
top. If the top of the bank is flagged, as shown in the 
figure, the work is very complete and secure. The top of 
the bank should slope away from the wall on both sides, to 
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prevent water from working down between the bank and the 
wall. The possibility of such an occurrence is perhaps an 
objectionable feature of this style of construction, which 
otherwise has much to recommend it. 


SPILLWAY, OR OVERFLOW 


14. The spillway is one of the most important features of 
adam. It is the means by which the surplus water, when the 
reservoir is full, is allowed to run to waste, and want of suffi- 
cient discharging capacity in this particular has been probably 
the most common cause of destruction of earthen dams. If 
such dams are once overtopped by a flood, especially when 
not provided with a proper center wall, they are rapidly cut 
down and destroyed by the water running over them. 

Frequently, a natural overflow can be found in some lateral 
depression of the ground, by which the surplus water can be 
passed into another valley. When such an overflow occurs, 
particularly if the depression is in rock, it is generally used, 
since, besides being conducive to safety, it saves a consid- 
erable expense. Sometimes, it is possible to form such an 
overflow by cutting into some rocky ridge leading either into 
another valley or into the same valley, lower down, across 
which the dam is built. In the majority of cases, however, 
it is found necessary to provide a special piece of masonry 
construction for a spillway. The spillway is then called a 
waste weir. 


15. Dimensions.—The dimensions of a spillway must 
be proportioned to the amount of water likely to go over in 
times of freshet. It may be comparatively long and shallow, 
or short and deep. A convenient length is given by the 
formula 

L = 20VA 
in which Z = length, in feet, of lip of spillway; 
A area, in square miles, of watershed above the 


dam. 
Having determined the length, the depth is computed by 
the weir formulas given in Hydraulics. In applying these 
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formulas, a careful determination must be made of the 
amount of water to be discharged. 


16. Quantity of Water to be Provided For.—lf dams 
are already built in the stream under consideration, or in 
neighboring streams of nearly the same volume, an exami- 
nation of their overflows, or spillways, will afford valuable 
information in designing the new work. If there is a bridge 
under which all the water of the stream passes, some con- 
ception of the amount of flood discharge to be provided for 
may be obtained by a knowledge of the greatest height to 
which the water has been observed to rise on the abutments. 
Otherwise, the discharge, or run-off, can be approximately 
computed by the Buerkli-Ziegler formula, given in Sewerage. 

In sections of the country where heavy ice is formed in 
winter, the depth of the spillway should be sufficient to float 
the thickest ice that may be formed in the reservoir; other- 
wise, should a freshet occur when the reservoir is filled with 
ice, the spillway may be blocked with the broken cakes 
carried down by the wind and current. 


17. Time as a Dimension Factor.—It is clear that 
the duration of a storm exercises a marked influence on the 
height to which the water will rise in the reservoir, and 
consequently on the depth D of the head of water going 
over the spillway. The time /, in seconds, required for the 
water to rise to a certain height 4, over the lip of the spill- 
way, while at the same time discharging over it, may be 
determined approximately by the following empirical for- 
mula, which applies when H, is from two-thirds to three- 
fourths of the total height D to which the given flood 
may rise: 

pase TAD or 
0.-2XLXH,NA, 
in which A, = average area of the water surface in the 
reservoir, in square feet; 
L = length of spillway, in feet; 
Q, = cubic feet of run-off entering the reservoir 
per second, 
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EXAMPLE.—Assume the area of the water surface in a reservoir 
when full to be 10,000,000 square feet. If the length of the spillway 
is 155 feet and the discharge is 7,320 cubic feet per second, how long 
will it take the water to rise to a height of 4 feet? 


SoLution.—Here, A, = 10,000,000, HW, = 4, QO, = 7,320, and 
Z = 155; substituting these values in the formula, 
10,000,000 x 4 


7,320 -2X155xX4v4 


8,264 sec., or 2 hr. 18 min., nearly. Ans. 


EXAMPLES FOR PRACTICE 


1. The approximate area of a reservoir is 25,000,000 square feet. 
If the length of the spillway is 150 feet, and the discharge 7,500 cubic 
feet per second, how long will it take the water to rise to a height of 
2 feet in the spillway? Ans. 2 hr. 2 min. 


2. The approximate area of a reservoir is 10,000,000 square feet. 
If the length of the spillway is 90 feet and the discharge 6,800 cubic 
feet per second, how long will it take the water to rise to a height of 
3 feet in the spillway? Ans. 1 hr. 25 min, 


18. Artificial Spillway.—When no natural overflow, 
as already mentioned, is available, an artificial one must be 
built. This will generally be located in the line of the 
stream across which the dam is erected, although the spill- 
way may sometimes be placed at or near one end of the dam, 
if the character of the ground and other conditions favor 
this construction. If rock is not found on which to build 
the structure, the foundations must be carried well down, 
perhaps deeper than those of the adjacent center wall. 


19. Cross-Section of Spillway.—The form and dimen- 
sions of the cross-section of the spillway vary greatly; 
excellent examples from actual structures show considerable 
difference in the ideas of their designers. There are no 
fixed rules governing this point. One of the principal dif- 
ferences that will be noticed in existing works is the form of 
the face of the spillway over which the water passes. ‘This 
is sometimes formed in steps, and sometimes in a concave 
curve. When the latter form is used, the face stones should 
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be cut, at least roughly, to voussoir shape, and their faces, 
over which the water passes, dressed smooth. In the best 
work of this class, the facing is of cut stone throughout. 
This is, of course, very expensive. The object sought in 
using steps is to break the force of the falling water, so that 
it will reach the bottom with very little velocity, either ver- 
tical or horizontal. The idea embraced in the curved face is 
exactly the contrary, the object sought—or at least attained 
—being the greatest possible horizontal velocity urging the 
water forwards away from the foot of the spillway when it 
has reached the bottom. Of the two, the step system seems 
preferable, as the water appears to reach the bottom with 
less destructive force when its fall is thus broken. Of 
course, lower down in the stream, the velocity of the water 
is the same, whichever system is adopted. For low dams, 
say up to 15 or 20 feet, the face may be nearly vertical, 
giving the water a clear fall on the apron at the bottom. 
For higher dams, say up to 60 or 70 feet, the form shown in 
Fig. 8 is a very good one. 

Let 4 8A represent the height from the bottom of the 
spillway to the level of high water, or freshet flow, in the 
reservoir. Take AD equal to nine-tenths of AA; also, 
take 4d C equal to dD. Join C and D. The face &F has 
a batter of 1 in 12. Since 7, the intersection of AF and 
CD, is the point where the steps begin, it is the essential 
point on a working drawing. As the slope of CD is 1 in 1, 
KF, the horizontal distance of / from 4 C, is equal to CK, 
the vertical distance of / below C. But the face batter of 
GF is 1 in 12; therefore, / is one-twelfth of CA farther - 
from A C than G is; that is, 


Ck 
KF=CG+ —— 
BA 12 
or, since CK = KF, 
KF=CG+52 


The top width CZ is made about one-fifth of 4 C. The 
face CZ is given a batter of about 1 in 4 or 5, and is made 
of cut stone. The corner £ is rounded off. 
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Spillway sections for still higher dams constitute special 
cases and can better be considered after a study of high 
masonry dams. 


EXAMPLE.—Referring to Fig. 3, let dB = 70 feet, and let the ver- 
tical height of high water over &, the lip of the spillway, be 3.5 feet. 
To determine the other 


- 2 Migh-Water leek 
dimensions. we antes car 


B 


SoLutTion.—In Fig. 3, 
AD = 3 <710 = 63 ft. 
GE — (1) — 63: = 7 ft. 
Since £ is 3.5 ft. below 
high-water level, it is 
7—3.5 = 3.6 ft. higher 
than C. Now, CZ is to 
be about 4+ X 63 = 12.6 ft. 
But this dimension ad- 
mits of a good deal of 
latitude, and if CG is 
made 13 ft., CZ, though 
less than 12.6 ft., will be 
long enough. Hence, 
GG is) taken as 13 ft. 
Metin t= Oe — KO 
= 12x 13 = 14.2 ft. This fixes the point 7; and from this point, the 
face & F# is drawn with a batter of 1 in 12, up to within 3.5 ft. of 
high-water level. Ans. 


20. Accessories of Spillway.—The sides of the spill- 
way where it cuts through the embankment must necessarily 
be protected by wing walls to prevent the earth from falling 
into it. These wing walls need not have as flat a slope as 
the exterior embankment, as this would make them unneces- 
sarily large and expensive. They may have a slope of about 
1 to 14, with the bank graded down to them. The top of the 
wall may have a coping, well doweled into the stones, or be 
left with the horizontal courses forming steps; the latter form 
of construction, though not so neat in appearance, is more 
substantial. When the bed of the stream is not rocky, the 
foot of the spillway must be protected by an apron composed 
of very heavy stones, if they can be obtained, laid in cement 
on a bed of concrete. This apron must be extended well 
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beyond the foot of the 
spillway, the distance 
depending on the height 
of the dam, the volume. 
of water passing over 
it, and the nature of 
the bed of the stream. 
It should never extend 
less than a distance equal 
to the height of the dam. 
Beyond this, it will be 
well to protect the bed of 
the stream between the 
banks for some distance 
farther with heavy, dry 
stone paving. All these 
features are shown in 
Fig. 4. No dimensions 
are given in this sketch, 
because the conditions of 
each particular case will 
greatly modify the de- 
tails; but the general 
arrangement and propor- 
tions will always resem- 
ih Hint ble those shown. In this 
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‘i 
i : k 
fs nica sketch, the wing wall of 


ss 


ashlar masonry is shown 
at A; M is the exterior 
slope of the embankment, 
and S the bank of the 
stream below the dam. 
The apron Z is composed 
of heavy stones, laid in 
cement mortar ona bed X 
of concrete. There is a 
cut-off at the end of 
the apron, which may 
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advantageously be built of concrete instead of rubble masonry, 
as shown in the figure. The dry stone paving P, composed of 
heavy stones, forms a continuation of the apron. 


APPLIANCES FOR DRAWING OFF THE WATER 


21. Requisites.—There are many devices for the con- 
tro] of the water. heir main requirements are that they be 
simple and effective and not liable to get out of order. In 
all cases, a communication must be established between the 
inside and the outside of the dam, and it is of the utmost 
importance that no water shall follow along the outside of the 
appliance—whether tunnel, gallery, or pipe lines—by means 
of which this communication is established. Herein lies one 
of the great advantages of a substantial center wall, for it 
affords the means of making a water-tight connection in the 
center of the embankment, beyond which no water can trickle. 
As these features of the dam call for a considerable amount of 
heavy and expensive masonry, it is also important to design 
them so that the necessary degree of solidity may be secured 
with the least possible volume of masonry. ‘This is best 
accomplished by grouping the different parts together, so 
that they may be mutually supporting, and so that a portion 
of one may also form a portion of another. 

A system of valves is indispensable for the control of the 
water. In small reservoirs, these valves may be inserted in 
the pipe line outside the reservoir and have only an ordinary 
valve box to indicate their location. Generally, however, 
they are at the reservoir end of the line, the valve stem 
thus being below water level, so that a shaft or a tunnel] 
becomes necessary to secure access to the valves. 


22. Details of Tunnel Method.—The tunnel method 
is common in European practice, and involves a masonry core 
wall and a tunnel from the lower face through the embank- 
ment, the pipe line being laid in this tunnel. The draw-off 
pipes are laid through the core wall and are carried down 
through the tunnel open to view and available for repairs. 
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Fig. 5 (a2) shows a plan and (4) a vertical section on the 
line AB of a general system of design that experience 
proves to be strong and satisfactory. In the same figure, 
(c) shows a front elevation and section through the gate- 
house 2, looking toward the spillway from outside the 
reservoir, it being assumed that the embankment is removed. 
On the inside of the dam, adjacent to the spillway d, is built 
a water tower 7, one side of which is formed by the pro- 
longation of the spillway itself. This tower communicates 
with the inside of the reservoir by means of an arched 
gallery or tunnel 7, which passes under the interior embank- 
ment and terminates in an open portal a with wing walls. 
The top of the tower is level with the top of the embank- 
ment. The reducer s leading to the cast-iron pipe p is 
securely built into the opposite wall of the tower, and the 
pipe itself is placed in an arched gallery z under the exterior 
embankment; one wall of this gallery forms part of the main 
wing wall x of the spillway. The reducer s is a special cast- 
ing having a rectangular opening at the face, the area of 
which is equal to or greater than the area of the pipe to 
which the other end is fitted. The pipe / discharges, in some 
convenient way, into the channel of the stream below the 
dam. In this way, a clear communication is established 
between the inside and the outside of the reservoir. 

The water passing through this system can be controlled 
in several ways. The best way is to close the mouth of the 
reducer on the inside of the tower with a sliding sluice 
gate z,as shown in the figure. Besides this, there should be 
« stop-cock, or valve, on the pipe inside of the exterior gal- 
lery z, by which the letting on or shutting off of the water is 
ordinarily effected. The sluice gate z is kept open, and is 
closed only in case of emergency, such as an accident to the 
valve. If no such sluice gate is provided, there should be 
two stop-cocks on the pipe. In the figures, two valves v, v 
are shown in addition to the sluice gate, but generally this is 
not considered necessary. 

Whichever of the two systems is emp!uyed—and the single- 
valve and sluice gate is probably the preferable one—there 
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should always be a set of grooves g cut in the masonry of 
the tower, in which, in an emergency, stop-planks may be 
placed. Stop-planks are heavy timbers of suitable dimen- 
sions that are slipped one by one into the grooves; being 
reeinforced with iron plates, these planks sink readily in the 
water. The iron plates may be made advantageously in the 
form of angle irons, so that by means of hooks the plank 
can be withdrawn. In case it is desired to gain access to the 
mouth of the pipe without emptying the reservoir, these 
stop-planks constitute a very valuable means of shutting off 
the water. Access to the gallery z is provided by the man- 
hole g, and the gal- 
lery is kept free 
from water by the 
small drain e. The 
whole structure rests 
on a hydraulic rubble 
or concrete founda- 
tion &, &, which must 
extend down to rock 
or solid ground mm, . 
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23. Details of 
Shaft Method.—In 
AREA lnc cuetpineieieg 

Hre..6 from a point outside 
of the reservoir on the lower level, through or around the 
embankment, to a tower or shaft to which the water has 
direct access. This tower may be either entirely away from 
the dam, or at the inside toe of the embankment slope; or it 
may be built shaft-like through the center of the dam, water 
being brought in by one or more pipes. Fig. 6 shows the 
simplest construction at the toe. The pipe P is brought in 
under the embankment, and turned up vertically by an 
elbow & ending under a screen S, which, to be cleaned, 
may be lifted by means of the chain C. Water enters 
the tower W,W, which may be circular or rectangular, 
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through the inlet opening /, and flows out through 2 
and ?. The inlet 7 is provided with a valve V operated 
from the floor above by a long valve stem. 

Fig. 7 shows a more elaborate design, on the same 
general plan as that just described. The tower is built, 
as before, at the inside toe of the embankment, and is 
connected at the top by a light footbridge; P, and P, are 
the outlet pipes, and 2,9,,g, are three inlets through the 
masonry; S,S are a series of rod screens through which 
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Fic. 7 
the water has to pass; P; is the drain pipe to be used 
occasionally, when all the water is to be drawn off. 
Valves, not shown, are provided for the pipes 7, and P, 
and at the inlet openings 2, £1, 2. 

Fig. 8 shows the simplest type of the method in which 
the tower is placed in or near the center of the embankment: 
W, W are the walls of the tower; g,g:, the inlet openings at 
different levels; P, the outlet pipes; and the triangle C, two 
concrete or masonry walls, between which the water has 
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Ss Www access to the tower. A 
HEN \ pavement J/ is also pro- 
My A vided to prevent washing. 

haya \ Fig. 9 modifies this last 
HIN \\ design by substituting for 
fi i ~ the entrance walls a single 
N : : 

a \ entrance pipe, the exit 
INN pipe P, remaining as be- 

\ fore. The figure shows 
tN \ the valve , on the main 
ee pipe and the valve V, on 
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We reels) N 
tied NY the drain pipe D. The 
i \~ pipe P, has its end pro- 
HUM. tected by a small wall WW. 

THIEN 

ERIK \ 

Ble \\\ 
HIATNN 24. Modifications 
iy for Small Reservoirs. 


For small reservoirs, the 
appliances and arrange- 
ments described above are 
frequently simplified. For 
po H instance, the tower, the 
Hn object of which is to afford 
PH THER NN means of applying the 
sluice gates and _ stop- 
plank, may be dispensed 
with, and the pipe run 
through the center wall to 
the foot of the interior 
slope; or, the arched gal- 
lery may be continued to 
the center wall and then 
connected with the pipe. 
In these cases, the only 
control of the water will 


V2 V, 


tal A be by means of the stop- 
Hi ks in the exteri t 
ALIN \N cocks in the exterior gate 
BRS N 

LHS house. 
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MASONRY DAMS 


LOW MASONRY DAMS 


25. General Considerations.—In the structures 
hitherto treated, there has been no attempt made to deter- 
mine their dimensions by calculation, as they do not lend 
themselves to exact mathematical treatment. In earthen 
dams, all dimensions are fixed by empirical rules; that is, 
experience has taught that a certain thickness of bank and 
certain ratios of slope lead to safe results. In masonry 
dams, the case is different. Given a wall sustaining a 
certain head of water, it is easy to calculate almost exactly 
the character, intensity, point of application, and direction 
of action of the destructive force or forces bearing on it. 
The resistance of the wall can also be computed with a great 
degree of approximation. The task of designing such struc- 
tures is, therefore, more satisfactory than in the case of 
earthern embankments, and admits of a more scientific 
course of procedure. 


26. Thrust Against Dam.—Expressed in pounds, the 
horizontal component 7 of the thrust against any surface 4 B, 
Fig. 10—whether vertical as at (a), inclined as at (4), or 
curved as at (c)—is the same, and is equal to half the square 
of the height // or head of water, in feet, pressing against 4 B, 
multiplied by 62.5, which is the weight, in pounds, of a cubic 
foot of water, and by the length of the surface. The hori- 
zontal thrust 7, per foot of length of the dam is, therefore, 
given by the formula _ 

72 ia (1) 

Also, the point of application of this thrust is the same 

for (a), (6), and (c); namely, at one-third of the height AZ 
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from the bottom of the wall. Hence, for the overturning 
moment M/Z, of the horizontal thrust about the point C, we have 


M, = 31.25 H? x a 410-49 7" (2) 


In this formula, 1%, expressed in foot-pounds, is the 
moment about C of the thrust acting on 1 foot of length of 
the dam. Although the real resulting pressure acting on 
the dam is normal to the surface of the latter, and usually 
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has a vertical component, this component is generally small, 
and may be neglected. The error arising from neglecting 
this component is on the side of safety. 

EXxAMPLE.—The depth H/ of water pressing against the curved sur- 
face A B, Fig. 10 (c), is 23 feet 7 inches. (a) What is the intensity, in 
pounds, of the horizontal thrust per foot of length of wall? (6) What 
is the overturning moment, in foot-pounds, about the point C, per foot 
of length of wall? 

SoLtution.— (a) 7, = 31.25(482)? = 17,380 1b. Ans. 

(6) M, = 10.42(282)* = 136,680 ft.-lb. Ans. 


| 


27. Tendency of the Thrust.—The thrust 7 tends to 
move the wall in two ways; namely, it tends to push the 
wall bodily and make it slide horizontally along its base; and 
it tends to upset the wall by making it turn about the point C, 
Fig. 10. The first of these tendencies must be resisted by 
the friction between the dam and its foundation; the second, 
by the weight of the dam. The action of these resistances 
will now be explained. 


28. Resistance to Sliding.—The frictional resistance 
that the dam opposes to the tendency of the thrust of the 
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water to move it forwards on its base is equal to the weight 
of the dam multiplied by the coefficient of friction between 
the dam and the material on which the dam rests. Much 
uncertainty attends the determination of the coefficient of 
friction; an ordinary estimate places it at about .75. It must 
be noted that friction only is now considered, as if the dam 
were merely standing on a level base with no mortar joint 
intervening. ‘The adherence of the mortar and the bond of 
the work are both neglected. The resistance thus estimated 
is, therefore, much below the real resistance. It is at least safe, 
however, and will here be adopted. As will be presently 
shown, the tendency of the wall or dam to slide forwards is 
not, under ordinary circumstances, the 
destructive force most to be feared. 

In all calculations relating to the 
resistance of such walls as are now 
being considered, a length of 1 foot, 
or a slice of the wall 1 foot thick, is 
always taken, because, since the 
whole of the wall, if of uniform 
height, is made up of a succession 
of such slices, what is true of one 
will be true of all. The convenience 
of this consists in the fact that the area of a vertical cross- 
section of the wall is then numerically equal to the volume 
of the slice in cubic feet. Throughout all the following 
calculations, the units of length and weight are, respectively, 
the foot and the pound avoirdupois. 

If X is the resistance of the wall, per foot of length, to 
sliding, and IV’ is the weight of the wall per foot of length, then 
R= 16 W GF) 

If the vertical cross-section of the wall is denoted by 4, 
and the weight of the material per cubic foot is denoted by w, 
formula 1 may be written 

R= 7 Aw (2) 
EXAMPLE 1|.—A trapezoidal wall, Fig. 11, 12 feet high, 3 feet wide at 


the top and 8 feet at the bottom, weighs 115 pounds per cubic foot. 
To determine: (a) its resistance to sliding; (6) its factor of safety. 
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SOLUTION.—(a) Substituting in formula 2, 


8 
R= 75x * x 12x 115 = 5,692.5 Ib. Ans. 


(6) In order to determine the factor of safety, it is necessary to 
find the amount of thrust. From formula 1 of Art. 26, 
T, = 31.25 12? = 4,500 Ib. 
Then, the factor of safety is equal to the resistance divided by the 
thrust, or 5,692.5 + 4,500 = 1.27. Ans. 


EXAMPLE 2.—Let the wall in example 1 be built of granite weighing 
170 pounds per cubic foot. Required: (a) its resistance to sliding; 
(6) the factor of safety. 


SOLUTION.—(a@) Substituting in formula 2, 


R= 15x24 x 19x 170 = 8,415 Ib. Ans, 


(6) The factor of safety is equal to the resistance divided by the 
thrust, which was determined above. Then, the factor of safety is 
equal to 8.415 + 4,500 = 1.87. Ans. : 


29. Resistance to Overturning.—The resistance to 
overturning, called the moment of stability of the wall, 
is the static moment of the wall with reference to the point 
about which rotation tends to take place, 
that is, about the toe C, Fig. 12, of the 
dam; it is equal to the weight of the wall 
multiplied by the horizontal distance be- 
tween the toe and a vertical line through 
the center of gravity of the wall. In 
order that there may be equilibrium, the 
moment of stability of the dam per foot 
of length must be equal to the moment J/, 
of the horizontal thrust, as found in 
Act, 26, 

The almost invariable section or profile of a masonry 
dam, except for very high dams, is a trapezoid, as shown in 
Fig. 12. The section may be divided into a rectangle D £, 
whose area is 4,H, and a triangle E/C, whose area is 
+(6, — 5.) 7. 

The static moment of the rectangle about the toe C is 


2 


26 DAMS $51 


The static moment of the triangle about the toe C is, since 


the center of gravity is horizontally distant “ from C, 


2 (d, se 6,)H X $(, aod b,) = +77 6; an bs)" 
For the static moment /7/, of the whole area, we have, then, 


ae OH (6 - 5) 27h, 2h) 


= (3,0, — 35 + 6,8 — 20,0, + b') 
3 2 
H b,? 

ae 8 ay ee 
A = 5 


The moment of stability 47, of the dam, per foot of length, 
is wM/,, denoting by w the weight of the material per cubic 
foot. Replacing J/, by its value, we have, 

H ie 
Me = ES bbb, 1 
Hot + “) 

In order that the dam may be secure, 17, must be at least 
equal to 47,; hence, the least moment of stability that is 
consistent with equilibriim is given by the formula (see 

Al Os 31.25 
Art. 26 oH (0 6,6, — as) a 
) 3 Fi 2 3 
whence, 


(3. he ies 2) w 


81.25 2) 


EXAMPLE.—What is the moment of stability of the trapezoidal wal) 
of example 1, Art. 28? 


SoLutrion.—Here 0, = 8, 6, = 3, w = 115, and H = 12. Substi- 
tuting in formula 1, 
115 X 12 


M, = ages (5° +8xX3— 3) = 38,410 ft.-lb. Ans. 


H= 


30. Design of the Profile.—In designing masonry 
dams, the height AH is determined by the amount of water to 
be stored, taken in connection with the nature of the place in 
which the reservoir is built; the weight w-is given by the 
material of which the dam is built; the top width 4, and the 
factor of safety are assumed. From these data, the width of 
base 4, can be calculated. 
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Consider first the resistance to sliding. If a factor of 
safety 7 is used, formula 1 of Art. 26, for the horizontal 
thrust, becomes 7, = 31.257 #7’. 

The resistance to sliding, from formula 2 of Art. 28, 


is, writing H(2+*) for the area, 
as (O45) 
Since R must equal 7,, we must have 
RL ObG Fe A715 i 


_ 83.337 _ , 
w * 
EXAMPLE 1.—The height of a trapezoidal wall is 30 feet; width at 
top, 6 feet; weight per cubic foot, 140 pounds; and factor of safety, 2.5. 
To determine the required bottom width of the wall to resist sliding. 


whence, b, 


SoLutTion.—Here, 7 = 2.5, H = 30, w = 140, and 6, = 6; substi- 
tuting these values in the last equation, 


3K 2. 
pee a a PN gre'88 BL B as 


31. To determine the breadth of base of a trapezoidal 
wall to resist overturning, the moment of stability given by 
formula 1 of Art. 29 must be equal to the moment of thrust 
given by formula 2 of Art. 26. Introducing the factor of 
safety 7, formula 2 of Art. 26 becomes 

Mo = ae jt 
Making the moment of thrust equal to the moment of 


stability, 
fs ae RR SF Site ans 22 
3 7 3 - 2 


Solving for 4,, 
i Eee ee 
2 w 2 
EXAMPLE.—The dimensions of a trapezoidal wall and the factor 
of safety being the same as those given in the example of the preceding 
article, determine the width of base to resist overturning. 
SoLuTION.—Substituting the given values in the formula, 


1. /125 x 2.5 X 30° gd a 
ee Ot axe mer 20 ft. Ans. 


81.25 aH | i) 
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EXAMPLES FOR PRACTICE 


1. The depth of water pressing against a dam is 75 feet. 
(a) What is the horizontal thrust per foot of length of dam? 
(6) What is the overturning moment, in foot-pounds, about the outer 


toe of the dam, per foot of length of dam? TN se (a) 175,780 lb. 
*\ (0) 4,395,900 ft.-1b. 


2. A trapezoidal wall 25 feet high is 4 feet wide on top, 12 feet at 
bottom, and weighs 130 pounds per cubic foot. What is its resistance 
to sliding? Ans. 19,500 Ib. 


3. What is the moment of stability of the wall in example 2? 
Ans. 199,330 ft.-lb. 


4. The height of a trapezoidal wall is 50 feet; width at top, 8 feet; 
weight per cubic foot, 170 pounds; and factor of safety, 2.5. What 
is the required bottom width to resist: (@) sliding? (4) overturning? 


(a) 53.3 ft. 
Ans.{ (6) 30.6 ft. 


32. Remarks on Stability.—In examining the results 
given by the formulas of Arts. 80 and 31, it is evident that 
a much greater width of base is required to insure security 
against sliding than is required to guard against overturning. 
It must be kept in mind, however, that, as already stated, 
only the mere friction of stone on stone is taken into 
account when calculating the resistance to sliding; that is, 
only such friction as might occur if two level surfaces of 
stone were brought in contact. When it is remembered that 
a well-bound piece of masonry is by no means in this condi- 
tion, but is knit together in a more or less homogeneous 
mass, it will be seen that the tendency to move forwards is 
counteracted, not by mere friction alone, but also by the 
resistance to shearing of the stonework. This is a very 
strong combination, and makes the total resistance so great 
that experience proves that, when a dam is safe against 
uverturning, it is safe against being moved forwards bodily 
on its base. Ii, however, the whole dam were placed 
on a smooth surface, such as a timber grillage, particularly 
if the planks were laid in the same direction as the pressure, 
or if it rested on yielding clay, with only a small depth 
of foundation, very serious doubts might exist as to whether 
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it would remain immovable, and careful examinations and 
calculations would be necessary. In such cases, the coeffi- 
cient of friction may fall considerably below .75. As, how- 
ever, all masonry dams should stand on a rock foundation, 
into which the footing course is well embedded, no danger of 
their moving bodily forwards need be apprehended if the 
stability is satisfactory as regards overturning. 


33. Average Dimensions.—Calculations made with 
various practical values for w and 4, show that a bottom 
width equal to from $A to $A will always give a satisfac- 
tory factor of safety, and in nearly all cases the smaller of 

2H 


these two values, that is, 6, = ae will give a perfectly 


secure profile. 


-HIGH MASONRY DAMS 


34. General Considerations.—The trapezoidal profile 
hitherto considered is the one almost universally adopted for 
masonry dams up to 50 or 60 feet in height. Beyond this 
limit, it would no longer be economical nor, in very high 
dams, practicable. So far, only resistance to sliding and 
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overturning has been considered, but in very high dams 
another element of destruction must be taken into account; 
namely, the crushing of the material under its own weight. 
In the case of symmetrical figures, the amount of pressure 
per square unit of base is obtained by dividing the whole 


30 DAMS §51 


weight resting on the base by the number of square units in 
the base. Thus, in Figs. 13 and 14, if W represents the total 
weight of the mass above the base 4 &, the uniform weight 


borne per square unit of the base is If, however, the 


profile is that shown in Fig. 15, since the figure is not 
symmetrical about the line G passing through its center of 
gravity, the weight is not uniformly distributed over each 
square unit of base, and it is impossible, merely at sight, to 
say what the maximum intensity of stress may be. All that is 
clearly evident is that the intensity of stress must be greater 
on the shorter of the two segments into 
which the line of action G of the weight 
cuts the base. 

Even when the profile is symmet- 
rical, the action of an external force 
may cause the resultant pressure on the 
base to move from its central position 
toward one extremity of the base. 
Thus, in Fig. 16, 4 ABCD represents 
the profile of a rectangular wall sus- 
taining water pressure; the total pres- 
sure R on the base is the resultant 
of the weight W of the structure and 
the thrust 7 of the water. The line 
of action of R does not intersect the 
base at the center, but at a point P 
whose distance x from the center can be readily determined 
by the principles of statics. 


Fie. 16 


35. Unequally Distributed Load.—Suppose A B, 
—i- 
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Vig. 17, to be the base, or any given horizontal course, of a 
mass of homogeneous masonry. Let W be the vertical 
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component of the resultant of its weight and any exterior 
force acting on it; let the line of action of this component 
divide the length Z into two segments d and Z — d, as shown. 
The maximum intensity of stress is in the shorter segment d, 
and its amount may be determined by the following formulas, 
which are derived by the use of advanced mathematics: 


p= 2 (L154) (1) 
_2W 
a 3a a 


In these formulas, P is the maximum intensity of stress, 
or maximum pressure per unit of area, on the surface 4 B. 
- Formula 1 is to be used when d is equal to or greater than 


5, and formula 2 when d is equal to or less than 5. When 


= £ the two formulas give the same results. Formula 1 


is, with a slight change of notation, given in Foundations, 
Pattels 
Good authorities advise that formula 2 be used with great 


judgment, and only when d is but little less than =. Others 


consider the results obtained by formula 2 to be too small 
when the obliquity of the resultant of the weight of the mass 
and the thrust of the water exceeds a certain amount, the 
error increasing with the obliquity. A preferable formula, 
though one that has not yet been generally accepted, perhaps 
because it is not well known, is the following: 
W(L — d) 
ae (3) 

This formula applies to all values of d, and will be used 
throughout this Section. It gives very nearly the same 
results as formula 1 for cases in which the latter applies. 


The three formulas agree ford = 2. For values of d less 


than 5, formula 3 gives pressures increasingly greater than 


formula 2, which, to conform to the ideas of some good 
ILT 316—19 
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authorities, it should do. It will be explained later, how- 
ever, that in designing the profile of a masonry dam, 
whether high or low, the point where the resultant pressure 
cuts the base should always be kept within the “‘middle 
third’”’ of the base, and as near the center as possible. That 


is, d should always lie between 5 and 5, and the nearer the 


latter, the better. 


386. Conditions of Stress.—In the study of the stresses 
sustained by a high masonry dam, two conditions are to be 
considered: the stress when the dam is supporting only its 
own weight, and the stress when the dam is under the 
action of the water pressure, in addition to its own weight. 
These two conditions correspond, respectively, to an empty 
and a full reservoir. In the former case, the resultant pres- 
sure is between the center of the base and the inside toe of 
the dam; in the latter case, the resultant pressure is between 
the center and the outside toe. 

In designing the proper profile, therefore, it is necessary 
to give it such a form that, if a line is drawn through it at 
any point parallel to the base and the resultant of the forces 
acting on the mass above such line is determined both 
with and without water pressure, the maximum intensity of 
stress in the shorter of the two segments into which the 
resultant divides the line will not exceed the working stress 
of the material. 

It is possible to design a profile that will not only fulfil 
the above requirement, but will also be exactly, or very 
nearly, a profile of ‘‘equal resistance”; that is to say, one in 
which the maximum stresses will be equal at all elevations. 
The result, however, would be a profile that could not be 
adopted for an actual structure, because it would conflict 
with practical constructive features that are of still greater 
importance than a profile of equal resistance. 

Several formulas have been devised for determining a 
proper practical profile, but such formulas, even when 
simplified by many preliminary assumptions, are still very 
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complicated and of tedious application. Moreover, as the 
outcome of all the study that has been given to the subject, 
a certain type of profile has been evolved to which all 
designs must very nearly conform; so that at the present 
day it is needless to go through a series of elaborate calcula- 
tions, the only result of which must be to reproduce the 
general type already established. It suffices, therefore, in 
every particular case, to lay down this general outline and 
test it at certain elevations, as explained in the following 
general example. 


387. General Illustrative Example.—Let it be 
required to design the profile of a masonry dam 250 feet 
high above the surface of the ground, the foundation extend- 
ing to rock lying 100 feet below the surface. The dam will 
be built of hydraulic masonry, the average weight of which 
is 140 pounds per cubic foot. The top width of the dam will 
be assumed to be 20 feet. 

The conditions of the design are that the crushing stress 
at the base at the level of the ground surface shall not 
exceed 20,000 pounds per square foot, nor 30,000 pounds 
100 feet below, at the bottom ofthe foundation. It is required, 
moreover, that at a distance of 100 feet from the top the 
intensity of stress at the back of the dam, when the reser- 
voir is empty, will not materially exceed 16,000 pounds per 
square foot, and will increase down to the base, where it may 
reach 20,000 pounds, as already stated. The pressure at the 
face, when the reservoir is full, shall be less than the pres- 
sure at the back when the reservoir is empty. The batter 
of either face shall not at any point form an angle of less 
than 45° with the horizontal. This condition is to prevent 
the weak edge that would result from a flatter slope. In 
calculating the water pressure, the surface of the water shall 
be considered as level with the top of the dam. 

This example will be solved by commencing at the top 
and working downwards, considering first a height of 
100 feet, and adding 50 feet successively until the total 
of 250 feet shall have been reached. As already stated, a 
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length of dam of 1 foot is taken, so that areas in square feet 
represent volumes in cubic feet. 

The first step will be to lay down the pene triangle 4 BC, 
Fig. 18, whose altitude is 100 feet and base $ X 100 = 66.67 
feet. This is surmounted by 


slight batter, about 1 inch to the 
foot, but for convenience of cal- 
culation it is here drawn vertical. 
To find the center of gravity 
of the figure dBEDC, mo- 
ments will be taken about CA. 
The distance of the center of 
gravity of the triangle CDE 
from 4 C is one-third the sum of 
Ah ————-06, ioe the distances of D and £&, which 
Fig. 1s is 3(20 + 20) = 43°, since these 
distances are each equal to 20. The area of the triangle CDE 
sz xX 20 X 30 = 300 square feet, and, therefore, the moment 
of this triangle about C 4 is 43° x 800 = 4,000. 
Likewise, the distance of the center of gravity of ABC 


from CA is oer and, as the triangle has an area equal 

to z X 66.67 X 100 = 38,333 square feet, its moment about CA 

Pe 66.67 
my 


TH =_ the small triangle GD 2. of 

an which the base CD is 20 feet, 
| as required. In the actual dam, 
| EB the face D& would have a 
| 


- 


ea e100 


< 3,833 = 74,070; Therefore, the moment of the 


total area d BE DC about CA is 4,000 + 74,070 = 78,070; 
and, consequently, if the distance of the center of gravity G 
from CA is denoted by x, we must have 
pre LOOT 13,010 ge 
i area 300 + 3,333 © = 21.5 a 
This distance gives the shorter segment of the base on which 
the maximum intensity of stress comes when the reservoir 
is empty. To obtain the intensity of the stress, the number 
of square feet in the area, 3,633, must be multiplied by 
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140 pounds, which gives 508,620 pounds for the weight of 
the mass above the line 4 BZ. 

The triangle of forces, Fig. 19, is now constructed; it is 
composed of the vertical line representing the weight of the 
mass and the horizontal line repre- 
senting the thrust of the water, 
which by formula 1 of Art. 26, is 
81.25 X 100? = 312,500 pounds. This 
thrust intersects the vertical at a dis- 
tance of +3° feet from the base 4B, vp 
and thus determines the apex of 
the triangle of forces from which 
the weight is laid off to scale, if the 
graphic method is used. The hypot- 
enuse of the triangle of forces de- 
termines by its intersection with the 
base the shorter segment of 24.67 ee 
feet on which the maximum intensity 3126500 
of stress comes when the reservoir Buse 
is full. This intersection can be determined either graph- 
ically or by similar triangles; thus, 

Ze 0425000: 
a¢0 ~~ 508,620’ 
whence, x = 20.5. Then, the shorter segment is 
66.67 — (21.5 + 20.5) = 24.67 

The conformity of this part of the profile with the imposed 
conditions can now be tested. First, the stress on the segment 
adjacent to 4, Fig. 18, when the reservoir is empty, will be 
considered. In this case, W = 508,620, Z = 66.67, d = 21.50, 
and L — d = 45.17. Then, by formula 8 of Art. 35, 

508,620 x 45.17 _ 
We 6667x215 > 16,028 pounds 

The maximum intensity of stress on the segment adjacent 
to B when the reservoir is full will now be found. Here, 
d = 24.67 and L —d = 42, and the remaining quantities W 
and Z are the same as before; therefore, 


508,620 x 42 
_ 508,620 x 42 _ 19 988 pound 
SAT ETT Oy fmm eel acim 


©, 
~ 
g 
S 


———— 
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It is to be noted that it was not necessary to calculate this 
last stress, because, since the shorter segment was longer 
than that corresponding to an empty reservoir, it was certain 
that the stress would be less, which was all that the condi- 
tions of the problem required. It is more satisfactory, how- 
ever, to work out both stresses fully. 


88. In discussing the profile so far, two facts become 
evident: As regards the limiting stress, when the reservoir 
is empty, the limit has been practically reached; besides, the 
line of action of the weight, when the reservoir is empty, 
passes just outside of the middle third of the base 4 &. 
A study of Fig. 18 will show that this last fact is due to the 
influence of the small upper triangle. Had the problem been 
to construct a profile for a dam 100 feet high oniy, the 
base 4 B would have been widened a little to the left of A, 
by giving the back of the dam a slight batter of about 
1 horizontal to 4 vertical, commencing at a point about 
30 feet above 4. This would give an increased width to the 
left of 4 of about 7.5 feet, making the total width of base 
between 74 and 75 feet, instead of 66.67 feet. This would 
reduce the intensity of stress on the water side considerably, 
and on the lower side somewhat. Or, if it were important, 
owing to the great depth of the foundation, or to some other 
cause, to keep the base as narrow as possible, and, therefore, 
to keep the back of the dam vertical, an embankment with a 
berm followed by a flat slope well ripraped would be placed 
against the back of the dam, rising to a height of about 
30 feet, so as to maintain a constant counter-pressure against 
the back, and thus reduce the stress. 

The reason why no change is made when the profile is the 
upper part of a much higher dam is that, as will be presently 
seen, the intensities of stress rapidly increase with the height, 
necessitating a corresponding widening of the base. It is 
important, therefore, not to begin widening any sooner than 
is absolutely necessary. 


39. A section of 50 feet is now added to the profile. As 
already mentioned, it is evident that the stresses will increase 
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in a more rapid proportion as sections are added to the 
height; hence, a batter of 20 per cent. will be given to the 
back and one of.80 per cent. to the face; that is, a triangle 
50 feet vertical and 10 feet 
base is added to the back, 
and one 50 feet vertical and 

40 feet base to the face, | 
as well as the included 
rectangle, 50 x 66.67 (see | 
Fig.20). Throughout this | 
example, 4’C will be taken $ 
as the axis of moments, 7 
distances measured to the 
right being considered | ie ee AS ee 
positive, and those meas- | 

ured to the left, negative. 

The area of the triangle | 


AA, A’ is SUE) 7550 10! 66.67 40 
2 i| A B i 
square feet, and the center Soe 
IG. 


Of sravity is 43°, or. 3.33, 
feet to the left of the axis of moments. The area of 
the rectangle 4 BB’ A’ is 50 X 66.67 = 3,333 square feet, 
and the center of gravity is 66.67 + 2 = 33.33 feet to the 
right of the axis of moments. The area of the triangle BB’ 2, 
is 70 = 1,000 square feet, and the center of gravity is 
+(66.67 + 66.67 + 106.67) = 80 feet to the right of the axis 
of moments. The static moment of the part 4d BB, A, about 
the axis of moments is 
3,808 X 38.383 + 1,000 x 80 — 250 x 3.383 = 190,256 

The area of the p file is 3,683 + 250 + 3,333 + 1,000 
= 8,216 square feet. The static moment of the part 
ACDEB is 78,070. The distance x/’ of the center of 
gravity of the entire area 4,4 CDE 2B, from the axis of 
moments is, then, given by the equation 

Pe 78,070 + 190,256 _ 268,826 _ 39 86 feet 


: 8,216 8,216 
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The distance of the center of gravity from the toe 4, is 
32.66 + 10 = 42.66 feet. 

In Fig. 21, which shows the base 4, A,. of Fig. 20, the 
triangle of forces is con- 
structed, the weight of the 
mass being 8,216 x 140 
= 1,150,240 pounds, and 
the thrust of water, 

B, 31.25 x 150° = 703,125 
pounds, applied at a 
height of *3° = 50 feet 
above the base 4,A,. 
To ascertain the maxi- 
mum intensity of stress 
in the segment adjacent 
to. 4,, when the reser- 
voir is empty, we have 

L = 116.67, d = 42.66, 2 —d = 74.01, and W = 1,150,240. 

Substituting in formula 3 of Art. 35, 

1,150,240 x 74.01 
T1667 <0 Te 

When water pressure is added, d = 48.45, L —d = 78.22, 

and for the maximum intensity of stress on the segment 

adjacent to &,, we have 
1,150,240 x 73.22 
: 116.61 anaes es ee 

This is a reasonable progression in the stresses, and so: 

far shows a satisfactory profile. 


40. For the next 50 feet, which will bring the profile up 
to the height of 200 feet, the base must widen more rapidly. 
A batter of 80 per cent. will be given to the back, and one 
of 100 per cent. to the face, as shown in Fig. 22. This adds 
to the base a triangle of 50 feet altitude and 15 feet base; 
and to the face, a rectangle of 50 xX 116.67 and a triangle of 
50 feet altitude and 50 feet base. 

The axis of moments, which is 4’C in Fig. 20, is 
10 feet to the right of 4,A”, Fig. 22, The area of the 
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triangle 4,4,A” is 


ON = 875 square feet, and the center 


of gravity is $(10 + 10+ 25) = 15 feet to the left of the 
axis of moments. | 

The area of the rect- 
angie A,B, A” B" is 
00 X 116.67 = 5,833.5 
square feet, and the 
center of gravity is A, 
LIG.6T- 10 = 48.33 eas 


B’ 2 


2 3 
feet to the right of = 
the axis of moments. 5 
The area of the tri- 3 
anele 6,B” 2B, is | Fre. 22 
20 ee = 1,250 square feet, and the center of gravity is 


106.67 + " = 123.34 feet to the right of the axis of moments. 
The static moment, about the axis of moments, of the area 
represented in Fig. 22, is, then, 

5,833.5 X 48.83 + 1,250 x 123.84 — 375 x 15 = 480,483 

The area of the entire profile so far considered can now 
be found by addition: 

8,216 + 875 + 5,833.5 + 1,250 = 15,674.5 square feet 

For the distance of the center of gravity of the entire 
profile from the axis of moments we have 

GS 78,070 + 190,256 + 430,483 _ 44.58 feet 
15,674.5 

The distance of the center of gravity from the toe 4, is 
44.58 + 25 = 69.58 feet. 

In Fig. 23, which shows the base 4, 2, of Fig. 22, the tri- 
angle of forces is constructed, the weight of the mass being 
15,674.5 X 140 = 2,194,480 pounds, and the thrust of the 
water, 31.25 X 200’ = 1,250,000 pounds, applied at a height 
of 23° feet above the base. 

To ascertain the maximum intensity of stress in the seg- 
ment adjacent to 4., with an empty reservoir, we have 
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L = 181.67, d = 69.58, L —d = 112.09, and W = 2,194,430. 


Substituting in formula 8 of Art. 35, 


pe ete 20% 19.460 pounds 


181.67 x 69.58 


and, with a full reservoir, on the segment adjacent to &,, 


_ 2,194,430 x 107.55 


181.67 X 74.12 


= 17,527 pounds 


This is also perfectly satisfactory under the given con- 


ditions. 


41. The next 50 feet will complete the total height of 


Fic. 24 


250 feet. The base 
is widened at the 
back, by adopting a 
batter of 60 per cent. 
On the face the 
limiting slope has 
been reached, so 
that the only means 
of widening out is 
by an offset. Ac- 
cordingly, a step of 
10 feet is made, from 


which the 45° slope is continued to the base. The additions 


are shewn in Fig, 24, 
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The area of the triangle 4, 4,/ A!” is Ke = 750 square 
feet, and the center of gravity is $(25 + 25+ 55) = 85 feet 
to the left of the axis of moments. The area of the rect- 
angle A,’ BB!” Al’ is 50 X 191.67 = 9,583.5 square feet, 


Hee — 25 = 70.88 feet to the 


and the center of gravity is 
right of the axis of moments. The area of the tri- 
angle B,’ B’” B, is 50 . 50 = 1,250 square feet, and the cen- 
ter of gravity is $(166.67 + 166.67 + 216.67) = 183.33 feet 
to the right of the axis of moments. 


The static moment of the area represented in Fig. 24 
about the axis of moments is 

9,583.5 * 70.83 + 1,250 x 183.83 — 750 x 35 = 881,711.8 

The area of the entire profile is now 

15,674.5 + 750 + 9,583.5 + 1,250 = 27,258 square feet 

For the distance of the center of gravity of the entire 
profile from the axis of moments we have 
78,070 + 190,256 + 430,483 + 881,711.8 _ 57.98 feet 

27,258 

The distance from the toe of the dam is 57.98+ 55 

= 112.98 feet. 


Pilla 
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All the data necessary for using formula 8 of Art. 35 are 
shown in Fig.25. For the stress on the segment adjacent to 
A,, L = 271.67, d = 112.98, LZ — d= 158.69, and W = 3,816,120. 
Substituting in the formula, 

ee 3,816,120 X 158.69 _ 19,736 pounds 
271.67 X 112.98 

For the stress on the segment adjacent to &,, Z = 271.67, 
d = 116.04, 2 —d = 155.68, and W = 3,816,120. Substi- 
tuting in the formula, 

_ 3,816,120 x 155.63 


2 > 18 889 pound 
P= “971.67 x 116.04 cera 


42, All the conditions of the problem have been com- 
plied with, so far as the superstructure is concerned. If, 
however, it had been desired to go another 50 feet higher, 
making the total height 300 feet, the base would have assumed 
extravagant dimensions. It would have been necessary to 
increase the batter on the back to 80 or 100 per cent. and to 
take another considerable offset on the face. It is evident, 
therefore, that, with the given conditions, 250 feet represents 
nearly the practical limiting height of a masonry dam. 


43. Foundation Block.—It now remains to proportion 
the foundation block. It will be rectangular in section, and 
the limiting intensity of stress will be 30,000 pounds per 
square foot. The permissible intensity of stress is raised to 
this amount because the vertical sides are firmly and squarely 
compressed by the earth against them, and the masonry can, 
therefore, safely withstand a greater force. The two cases 
of a full and an empty reservoir are to be considered. The 
additional width must be given by front and back offsets. 

In determining these offsets in the foundation, it will be 
best to make them so that the maximum intensity of stress will 
be the same for a full as for an empty reservoir. This end can 
be easily attained, since there is now no thrust of the water 
to be taken into consideration, and the addition consists of 
a rectangle. Fig. 25 shows that the short segment for 
an empty reservoir is 112.98 feet from the toe 4,, and 
116.04 feet from the toe B; for a full reservoir. If an 
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offset of 14 feet is made at the back and one of 11 feet at 
the front, as shown in Fig. 26, the line of action of the 
weight of the dam, when the reservoir is empty, will meet 
the base 17 XN of the foundation block at a distance of prac- 
tically 127 feet from the end J/, and the line of action of the 
vertical component of the pressure, when the reservoir is 
full, will cut 17 at a distance of 127 feet from the end JX. 
The width of the base 47 MN is 271.67 + 14+ 11 = 296.67; or, 
in round numbers, 297 feet. The maximum intensity of stress 
can now be determined for either a full or an empty reservoir; 
it is immaterial which condition is assumed, as the intensity of 


Lie. ; 
| f ar 


Bee 
Fic. 26 : | 
stress is the same for both. Here an empty reservoir will be 
considered, and moments will be taken about J/, in order to 
compute the distance d from the end // of the line of action 
of the total weight W resting on the base 17 NV. The weight 
of the superstructure, as already determined, is 3,816,120 
pounds, and its moment about J7 is 3,816,120 x 126.98. The 
weight of the foundation block, whose height will be made 
100 feet, is 296.67 x 100 x 140, and its moment about J7 is 


296.67 X 100 x 140 x ae 


Therefore. 
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3,816,120 x 126.98 + 296.67 x 100 x 140 x (296.67 + 2) 
oS 3,816,120 + 296.67 x 100 x 140 
= 188.11 feet 
To apply formula 8 of Art. 85, the data are: L = 296.67, 


d 


Water Surface 20 


250—-— —_—_——— ct 


30840 ° 30840 
Fie. 27 


d@ = 138.11, 2 —d = 158.56, and W = 7,969,500. Substitu- 
ting in the formula, 
_ 7,969,500 x 158.56 
296.67 X 138.11 


= 30,840 pounds 
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This slightly exceeds the limit, but in a practical design it 
would be considered as fulfilling the conditions. 

Fig. 27 shows the entire profile with maximum stresses 
in the corresponding segments, and in dotted lines the 
“curves of pressure’ for an empty and a full reservoir. 
These curves are constructed by drawing a line through the 
points where the resultants cut the bases of the various 
partial profiles, as already determined, except for the 
upper 30 feet of the profile. 


44, General Remarks.—The profile just established is 
typical, and applies rigorously to a structure weighing 
140 pounds per cubic foot, with a top width of 20 feet. 
Neither the assumed weight per cubic foot nor the top width 
varies greatly from these values in practice; so that the 
general form of profile shown in Fig. 27 can be used for any 
height from 100 to 250 feet, although the dimensions may 
have to be slightly changed according to the data. This 
form will always furnish a safe basis from which to start, 
and each height can be tested with the new data precisely as 
has been done in the foregoing articles. 


45. Accessories of High Dams.—For dams reaching 
and exceeding 100 feet in height, it is still more indispen- 
sable to provide a natural overflow or escape for surplus 
water than for lower dams. Generally, it is easier to find 
such an outlet for very high dams than for comparatively 
low ones, because the water-line approaches so nearly the 
gurrounding summits. Indeed, in the case of high dams, it 
is frequently necessary to construct one or more auxiliary 
dams to prevent the water, when it rises to its full height, 
from escaping over the divides into other valleys. If it 
should become necessary, however, to allow the waste water 
to pass over the face of the dam or a portion of it, the profile 
already established will, in general, suffice for all. heights 
where the base is equal to 90 per cent. of the height. When 
it falls below this, it should generally be brought up to 
this percentage by extending the outer toe 4 in the figures. 
No further general rule will be given, because all such 
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exceptional structures should be considered as special cases, 
and studied accordingly. 

The means of controlling the water is the same in principle 
in masonry dams of all heights as for earthen dams. They 
are always simpler, however, because there is no earthen 
embankment, or at most a smaller one, to penetrate. 


46. Execution of Work.—It is not sufficient that 
hydraulic work should be correctly designed; it is equally 
important that it should be carefully and properly executed. 
The closest attention to the most minute details is necessary. 
To indicate the manner in which the work should be carried 
on, the following extracts are given from Gould’s Specifica- 
tions for Dams and Reservoirs, which embody the specifica- 
tions followed in the construction of the storage reservoirs 
of the Scranton Gas and Water Company, of Scranton, 
Pennsylvania: 


(a) Clearing and Grubbing.—The whole area of the reservoir shall 
be cleared by cutting all trees, stumps, and bushes even with the 
ground and removing or burning the same. The area covered by the 
dam embankment shall be grubbed, so as: to remove all stumps, roots, 
and sods. 

(6) Rock Excavation * * * As it is important that, in the 
rock, the trenches shall be shattered as little as possible, hand drilling 
and light charges of explosives must alone be used. 

(c) Lmbankment.—The material for the embankment shall be such 
as will produce a solid, water-tight bank, and shall be selected sub- 
ject to the approval of the engineer. It must be taken as far as 
practicable from the land inside the reservoir. No stones larger than 
2 inches in any direction will be allowed in the bank on the upper 
side of the center wall, or in any slopes exposed to the action of the 
water, and none larger than 4 inches on the lower side of said center 
wall. The material shall be laid down in horizontal courses, carried 
on the work in wagons, or carts, or in barrows, so as to insure its 
being well traveled over with a view to its consolidation. If, in the 
judgment of the engineer, these means do not produce a sufficiently 
compact bank, he may, in addition, order the use of rollers of a design 
approved by him, or such other means as may be necessary to secure 
the desired compactness. In all places that cannot otherwise be 
reached, the bank shall be tamped with heavy rammers. The bank 
shall be kept thoroughly moistened, while in process of construction, 
by means of pumps, hose, or sprinkling carts. 
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(zd) Rubble Masonry.—The masonry for the center wall shall be 
composed of quarry stones containing not more than one-third of 
1 cubic yard each, unless otherwise permitted by the engineer. They 
shall all have clean quarry faces, beds, and joints, and each stone 
shall be thoroughly wet just previous to being laid; every stone shall 
be laid in a full and swimming bed of mortar, and the interior vacan- 
cies shall be filled with mortar before any spalls or small stones are 
put in, the object being to make the wall perfectly water-tight. The 
bed and end joints of both faces of the wall shall be raked and struck 
as the work progresses. No stones will be allowed to be deposited nor 
dressed on the wall, but all stone shall be deposited and dressed on 
planks furnished by the contractor at his own expense, to prevent the 
stone from coming in contact with the dirt of the embankment. The 
center wall shall always be kept at least 2 feet above the adjacent 
embankment. 

The above specifications apply generally to all rubble masonry to 
be built in this work, with the exception that, for work other than the 
center wall, larger stones will be permitted, and in some cases required. 
But all rubble masonry, especially where exposed to the action of the 
water, shall be strictly hydraulic, as described for the center wall. 

The face of all rubble masonry, except the center wall, shall be 
hammer-dressed, and pitched to true and fair lines, with horizontal 
and vertical beds and joints, extending back at least 1 foot from the 
face. No spalls will be allowed in the face, nor any stones less than 
3 inches thick. All work will be thoroughly bonded, with a proper 
proportion of headers, and breaking well the joints. 


I LT 316—20 


INTRODUCTION TO CONSTRUC- 
TION DRAWING 


GENERAL CONSIDERATIONS 


DEFINITIONS 


1. Mechanical Drawing.—The general geometrical 
principles that form the foundation of all instrumental draw- 
ing have been given and applied in Geometrical Drawing. 
The application of these principles to the representation of 
objects is usually called mechanical drawing. This term, 
however, is gradually being restricted so as to cover only 
the representation of objects connected with mechanical 
engineering. For this reason, it has been found necessary 
to apply special terms to the representation of objects in 
other lines of engineering. For example, the terms avchz- 
tectural drawing and structural drawing have come into com- 
mon use to distinguish the branches of mechanical drawing 
that deal, respectively, with building and structural work. 
Architectural drawing consists of the representation of the 
general appearance, form, and design of a structure; few 
dimensions other than principal dimensions are given, the 
accuracy of the drawing being relied on to show the required 
sizes of parts. Structural drawing, on the other hand, deals 
with the structural features; all necessary dimensions are 
given, including the required sizes and arrangement of all 
parts. In addition, structural drawing usually includes the 
representation of all details. 
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2 INTRODUCTION TO § 52 


2. Construction Drawing.—All drawings relating to 
civil-engineering construction come under mechanical draw- 
ing, taking the latter term in its broader sense. For conve- 
nience, however, drawing, when applied to civil-engineering 
work, will here be called construction drawing. 


DRAWINGS 


3. Classification of Drawings.—Drawings are usually 
classified, according to the purpose for which they are to be 
used, into design drawings, detail drawings, and shop, or 
working, drawings. 


4. A design drawing, as the name implies, represents 
the general design, and gives the general arrangement and 
dimensions, of the finished work. This kind of drawing 
requires less work in preparation than any other, and is, 
therefore, not nearly soexpensive. It is much used to show 
proposed work, sometimes as many as four or five designs 
being shown. 


5. When the general design is adopted, more complete 
and elaborate drawings, called detail drawings, are made. 
They show all the information that is given on the adopted 
design drawing, and, in addition, the arrangement of all 
details. Sufficient dimensions and information are given on 
these drawings to compute all dimensions that are not 
directly given. 


6. Detail drawings are often used by workmen in con- 
struction, but better results are obtained, and less trouble is 
encountered, if shop, or working, drawings are made. 
These drawings contain all the information usually given on 
design and detail drawings, and, in addition, all the actual 
dimensions of each separate piece that enters into the con- 
struction of the work. It is customary, in making working 
drawings, to make a general drawing showing the location 
of each part in the finished work, and also a separate drawing 
of each part, giving all the information that the workmen 
need for its construction. In making a working drawing, 
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the draftsman should keep in mind the fact that the drawing 
is to be used by workmen, whose knowledge of drawing is 
usually very limited; he should, therefore, endeavor to make 
it so plain that there will be no possibility of confusion 
or misunderstanding. The draftsman should consider the 
working drawings as a complete letter of instruction to the 
workman, telling him what material to use, what sizes to make 
the parts, and how to finish them. Working drawings should 
be so complete that it will not be necessary for workmen to 
lose time going to the drafting room for further information. 


7. Paper Drawings.—Construction drawings are first 
made on paper in pencil, and the lines are not inked. For 
this purpose, a good grade of Manila paper on which lines can 
be easily drawn and erased should be used. A 4-h (HHHH) 
or 6-h (HHHHHH) pencil is well adapted to this kind of 
work. The lines should be made somewhat heavier than 
on drawings in which the lines are to be inked. These 
drawings are called original, or pencil, drawings, and 
are usually made complete, all information being given. 
They are sometimes filed away as records, but are usually 
destroyed after tracings have been made. 


8. Tracings.—-When the pencil drawings are finished, 
they are reproduced by tracing the lines on specially pre- 
pared cloth, called tracing cloth. Tracing cloth is linen 
treated with a waxy sizing so as to make it semitransparent. 
After it is sized, one side is dull and slightly rough, and the 
other is bright and smooth, presenting a glazed surface. 

In copying a drawing on tracing cloth, the cloth is tacked 
over the drawing, and the lines on the cloth are drawn by 
following those on the drawing, which are plainly seen 
through the cloth. A drawing thus copied on tracing cloth 
is called a tracing. Tracings can also be made on tracing 
paper, which is transparent paper especially prepared for 
this purpose. When, however, a tracing is to have much 
handling, cloth is preferable to paper. 

Some tracers prefer to draw on the dull, rough side, and 
others prefer the smooth side of tracing cloth. Many offices 
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adopt one side for all their draftsmen to use. The smooth 
side has the advantage that erasures are more easily made; 
however, it does not take ink so well as the rough side. 
When the smooth side is used, powdered chalk should be 
spread and rubbed over it; this removes the gloss from the 
surface of the cloth, which then takes in ink more easily. 
The student is advised to practice the use of both sides. 
For this purpose, he may draw in pencil some simple figures, 
such as triangles, rectangles, and circles, and make tracings, | 
using sometimes one side of the cloth, sometimes the other. 


9. Stretching Tracing Cloth.—In construction draw- 
ing, all shading is omitted, the surface or boundary lines 
being about the same thickness at every part of the drawing. 
Since tracing cloth is only semitransparent, the pencil lines 
on the paper drawing should be comparatively heavy, so tha’ 
they will show through the tracing cloth when the latter is 
placed over them. In placing a sheet of tracing cloth over 
a pencil drawing, care should be taken that the pencil draw- 
ing is stretched tight and smooth on the drawing board, and 
that the tracing cloth is so stretched and tacked down on top 
of the paper drawing that there is no unevenness. In case 
there are any wrinkles in the cloth after it is laid, they can 
be removed by taking out one or two tacks at a time and 
smoothing the cloth outwards with the palm of the hand, 
replacing each tack as a part of the cloth is smoothed. 


BLUEPRINTING 


10. Blueprints.—When tracings are finished, as many 
copies of them as are wanted are obtained by a special proc- 
ess called blueprinting. These copies are called blue- 
prints, and are taken on sensitized paper. This paper 
is coated on one side with a chemical preparation that can 
be removed at any time, if it has not been exposed to bright 
daylight or sunlight, by immersing the paper in water; after 
a short washing, the coating is entirely removed and the 
paper resumes its original color. If the coating is exposed 
to bright daylight or sunlight, it undergoes a chemical 
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change that colors the surface of the paper, and it is then 
impossible to remove the color by washing. This principle 
is made use of in blueprinting. The tracing is placed on 
top of a sheet of sensitized paper in such a way that the 
coated surface of the paper, and the ink lines on the tracing, 
are uppermost. A sheet of glass is then placed on top 
of the tracing, and the whole is exposed to the brightest 
available light. That part of the coating on the sensitized 
paper that is directly under the ink lines on the tracing is 
protected from the light, and undergoes no change; all other 
parts undergo the change referred to, the color of the surface 
of the paper being changed. When the drawing has been 
exposed for a sufficient length of time, it is removed from 
the light; the sensitized paper is at once immersed in a large 
basin or sink containing clear water, and thoroughly washed. 
The coating is washed off all that part of the paper that was 
covered by the ink lines, leaving the paper white; all the 
remainder of the paper is colored. ‘The result is an exact 
reproduction of the tracing. As many prints as desired can 
be made, one at a time, from a tracing. 


11. Sensitized Paper.—Sensitized paper can be pur- 
chased in rolls of almost any desired width and length all 
ready for use. There are several kinds on the market, which 
differ only in the color of the finished print and in the method 
of washing they require: the one most used and most eco- 
nomical is blueprint paper, so called because all parts of the 
print, except the lines, notes, and dimensions are blue. Blue- 
print paper should be kept in a closed tin tube or in a drawer 
in a darkened room. It should under no circumstances be 
handled in the full light of day until after it has been washed. 


12. Directions for Making Blueprint Paper.—It 
is sometimes desired to prepare instead of buying the 
sensitized paper. This is usually done as follows: Dis- 
solve 2 ounces of citrate of iron and ammonia in 8 ounces 
of water; also, 14 ounces of red prussiate of potash in 
8 ounces of water. Keep the. solutions separate and in 
dark-colored bottles in a dark place. Better results will be 
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obtained if + ounce of gum arabic is added to each solution. 
When ready to prepare the paper, mix equai portions of the 
two solutions, and be particularly careful not to allow any 
more light to strike the mixture than is absolutely needed. 
For this reason, it is necessary to have a dark room in which 
to work. There must be in this room a tray or sink of some 
kind that will hold water; it should be larger than the blue- 
print and about 6 inches deep. There should also be a flat 
board large enough to cover the tray or sink. There must 
be an arrangement like a towel rack to hang the prints on 
while they are drying; this arrangement will be called a 
print rack. The paper used for blueprinting should be a 
good, smooth, white paper, and may be purchased of any 
dealer in drawing materials. Cut it into sheets a little 
larger than the tracing, so as to leave an edge around it 
when the tracing is placed on it. Place eight or ten of these 
sheets on the flat board before mentioned, taking care to 
spread them flatly one above another, so that the edges do 
not overlap. Secure the sheets to the board by driving a 
brad or small wire nail through the two upper corners suf- 
ficiently far into the board to hold the weight of the papers 
when the board is placed in a vertical position. Lay the 
board on the edges of the sink, so that one edge is against 
the wall and the board is inclined at an angle of about 60° 
with the horizontal. Darken the room as much as possible, 
and obtain whatever light may be necessary from a lamp or 
gas jet, which should be turned down very low. With a 
wide camel’s-hair brush or a fine sponge, spread the solution 
just prepared over the top sheet of paper. Be sure to cover 
every spot, and do not get too much on the paper. Dis- 
tribute the solution as evenly as possible over the paper, in 
much the same manner that the finishing coat of varnish 
would be put on by a painter. Remove the sheet by pulling 
on the lower edge, tearing it from the nail that holds it, and 
place it in a drawer where it can lie flat and be kept from 
the light. Treat the next sheet and each succeeding sheet 
in exactly the same manner, until the required number of 
sheets have been prepared. 
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Unless a large number of prints are constanthy used, it is 
cheaper to buy the paper already prepared. There is scarcely 
anything saved in preparing the paper, and better results are 
usually obtained from the commercial sensitized paper, since 
the manufacturers have machines for applying the solution, 
and are able to distribute it very evenly. 


18. Directions for Making Blueprints.—In Figs. 1 
and 2 are shown two views of a printing frame that is well 
adapted to sheets not over 17 in. X 21 in. The frame is 
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placed face downwards, and the back A is removed by 
unhooking the brass spring clips 2B, &, and lifting it out. 
The tracing is laid on the glass C, with the inked side touch- 
ing the glass. A sheet of the prepared paper, perfectly dry, 
is laid on the tracing with the sensitized side downwards. 
The paper and tracing are smoothed out so that they will lie 
perfectly flat on the glass, the cover 4 is replaced, and the 
brass spring clips 8,8 are sprung under the plates D, so 
that the back cannot fall out. While all this is being done, 
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the paper should be kept from the light as much as possible. 
The frame is now placed where the sun can shine on it, and 
is adjusted, as shown in Fig. 2, 80 that it will get the most 
light, or, if the sun is shining, so that the sun’s rays will fall 
on it as nearly at right angles as possible. According to the 
conditions of the sky—whether clear or cloudy—and the time 
of the year, the print must be exposed from 3 to 15 minutes. 
The tray, or sink, already mentioned should be filled to a 
depth of about 2 inches with clear water (rain water if pos- 
sible). The print having been exposed the proper length of 


time, the frame is carried into a dark part of the room, or 
the curtains at the windows are drawn, and the print is taken 
out of the frame. The print is then placed in the water with 
*“e sensitized side down, care being taken that the paper lies 
flat and that there are no air bubbles under it. The print is 
allowed to soak for from 3 to 6 minutes, ordinarily while the 
next print is being put in the frame. The print is then 
turned over in the water and laid down flat with the blue 
side up. Water is then splashed over it with the hands so as 
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to thoroughly rinse the chemicals from the surface. The 
print is then taken from the sink and suspended by its upper 
edge’ to dry on the print*rack. The proper duration of the 
bath can best be determined by observation; dark purple- or 
bronze-colored spots on the prints indicate that the prints 
were not washed thoroughly on those spots. The prints 
should be again immersed in the water and washed. There 
is very little danger that the bath will be too long. 


14. Time of Exposure.—The most important point in 
connection with blueprinting is the time of exposure. If a 
print is exposed for too short a time, the background or blue 
portion is very pale, and it is difficult to distinguish the lines 
and letters. If the print is exposed for too long a time, the 
background becomes dark blue or purple, and the light 
penetrates through the ink lines, thereby coloring the paper 
where it should remain unaffected. The time of exposure 
varies with the weather conditions, being less on a bright 
sunshiny day than on a dark cloudy day. On a cloudy day, 
when the sun is alternately visible and obscured, it may take 
several times as long for one print as for another. It is best 
to judge the proper time of exposure to the light by the color 
of the strip of print projecting beyond the edge of the 
tracing. To obtain the exact shade of the projecting edge, 
take a strip of blueprint paper about 12 or 15 inches long 
and 3 or 4 inches wide. Divide it into twelve or fifteen 
equal parts and mark them on the back 1, 2, 3, etc. Take a 
piece of tracing cloth, and place the blueprint paper and cloth 
in the frame in such a way that the cloth covers one-half the 
width of the paper. Now expose the paper to the light, and 
at the end of 1 minute cover the part of the strip marked 1 
with a thin board or anything that will prevent the light from 
striking the part covered. At the end of the second minute, 
cover parts 2 and 1; at the end of the third minute, parts 8, 2, 
and 1; etc. Part 1 will have been exposed 1 minute; part 2, 
2 minutes; part 3, 8 minutes; etc. When the whole strip is 
covered, remove the blueprint paper, cut the part that was 
under the tracing cloth from the remainder, and wash the 
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former thoroughly. When it has dried, select a good rich 
shade of blue and notice the number of this section on the 
back. Now observe carefully the color of the same portion 


0 


of the remainder of the strip; this is the desired color of the 
protruding edge and should be kept in mind. All prints 
should be exposed until the protruding edge attains this color. 
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15. Large Frames.—As stated in Art. 18, the type of 
frame shown in Fig. 1 is well adapted to small-sized draw: 
ings. For large drawings, the same general type of frame 
is employed, but it is usually supported by some device. In 
Fig. 3 is shown a patented frame that can be placed outside 
the window and adjusted to any angle. When not in use, it 
can be folded up against the wall. It is made in different 
sizes, from 16 in. x 24 in. to 48 in. & 72 in. 


16. Rolling Frames.—The larger sizes of blueprint 
frames are too heavy for convenient handling, and it is 
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customary to mount them on a support, as shown in Fig. 4. 
The support is mounted on rollers a, a, and runs on a track 6 
that extends through a window opening into the outer air. 
The frame c is shown bottom up in the figure, having been 
run out this way. It can be turned to any angle by hand 
and held at that angle by means of the pawl and ratchet d. 
This form of frame and support is very serviceable. 


17. Electric-Light Process.—Recently, an apparatus 
has been perfected for taking blueprints by electric light. 
The device generally consists of a glass cylinder properly 
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mounted and provided with a canvas cover, or sheet, that is 
wrapped, or drawn, around the outside, and in this way holds 
the tracing and sensitized paper against the glass. When 
set in this manner, an arc light is slowly lowered inside the 
cylinder. When the light reaches the bottom of the cylin- 
der, the print is taken out and washed. The time of 
exposure of the print is regulated by the speed of the 
descending arc, which is controlled by some mechanical 
device. 


18. Blueprint Cloth.—Blueprints are frequently made 
on cloth instead of on paper. The process is the same as 
for printing on paper. Cloth blueprints are more expensive 
than paper blueprints, but for working drawings that will be 
much handled by the workmen, they are better, as they stand 
wear and tear much better than paper prints. 


DRAFTSMEN 


19. Grades of Draftsmen.—In a well-equipped engi- 
neering office, where a large number of draftsmen are 
employed, it is customary to divide them, according to their 
work, into several classes. The usual classes are designers, 
detatlers, tracers, and checkers. 


20. Designers are the most proficient, and although 
many of them do very little drafting, they are classed under 
the head of draftsmen. They design the work and compute 
the strength and required sizes of all parts. In some draft- 
ing rooms, particularly when an unusual piece of work is 
under way, the designer makes numerous rough sketches 
illustrating the general arrangement of parts, and gives them 
to the detailer to aid him in the preparation of the drawings. 
In addition to having a knowledge of mechanical drafting, 
the designer must be familiar with the engineering principles 
involved in the construction of the work he designs. 


21. Detailers prepare the design, detail, or working 
drawings, as the case may be, from information and instruc- 
tions given by the designers. They compute all secondary 
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dimensions, such as rivet spacing, thickness of retaining 
walls and dams at different heights, etc. from the principal 
dimensions furnished by the designer. Detailers should 
have a thorough knowledge of mechanical drafting, and 
should be well acquainted with the standard details of the 
types of construction in which they are engaged. 


22. Head Draftsman.—lIn almost all drafting rooms 
there is a head, or chief, draftsman, who supervises the 
work of the detailers and tracers. He receives general 
information and instructions from the designers, which he 
transmits to the detailers, adding small details and special 
instructions to expedite the making of the drawings. He 
gives to each detailer, as far as possible, the class of work 
to which the detailer is best adapted, either from natural 
aptitude or from previous experience. 


23. Tracers.—Detailers usually make their drawings 
in pencil on paper. The drawings are then turned over to 
less experienced men to be traced. These men are called 
tracers. Their knowledge need not extend beyond famil- 
iarity with the use of instruments. Tracers should be neat, 
accurate, and rapid workers, and fairly good letterers. A 
draftsman in this position has very good opportunities to 
become acquainted with the best types of construction, and, 
if he has an aptitude for drawing and some knowledge of 
engineering principles, can advance very rapidly 


24. Checkers.—When tracings are completed, they are 
turned over to a man to be carefully examined for mistakes. 
This man is called a checker, and usually examines the 
work of the designer, detailer, and tracer. When the draw- 
ings are checked, the checker places his initials on them, 
and thereafter he is responsible for their correctness. The 
checker is usually a man that has had experience as a tracer, 
detailer, and designer, and has demonstrated that he can be 
relied on for accuracy and faithfulness. In spite of the 
utmost care, designers, draftsmen, and tracers make mis- 
takes, and it is the duty of the checker to find them. He 
should never assume or take for granted that anything on 
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the drawings is correct. The checker marks on the tracings 
whatever mistakes he finds, and then hands the tracings to 
the tracers for correction. 


25. Small Drafting Forces.—In many offices where 
few draftsmen are employed, the positions outlined in the 
preceding articles are frequently combined. For example, 
designers are sometimes also detailers, and may trace their 
own drawings. More seldom, draftsmen may be found that 
design, draw, trace, and check their own work. This course 
is very objectionable: to avoid mistakes, at least two men 
should look over each drawing. 


26. Blueprint Clerk.—A position that does not strictly 
come under the head of draftsman, but is closely allied to it, 
is that of blueprint clerk, or blueprint boy. In all 
large engineering offices, blueprints are made by one man, 
in order to avoid confusion and loss of time. It is cus- 
tomary to turn the tracings over to the blueprint clerk with a 
note as to the number of prints required. He returns the 
tracing with the required number of prints when they are 
dry. Almost any one can become proficient in blueprinting 
in less than 1 day, no special talent being required—nothing 
in fact but alittle commonsense. The position is mentioned 
here because the blueprint clerk has a good opportunity to 
become acquainted with different types of construction. If 
he is attentive and ambitious, and has some knowledge of 
drawing, he will soon know how to read plans and may 
secure a position as tracer. 


SCALES 


27. Scale of a Drawing.—It is seldom convenient to 
make full size the drawing of an object. The ratio of the 
dimensions on a drawing to the corresponding dimensions 
of the object represented is called the scale of the drawing. 
Thus, if every line in the drawing is one-fourth of the corre- 
sponding line on the object, the scale of the drawing is }, or 
1 to 4. Since, in such a case, every foot on the object is 
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represented by 3 inches on the drawing, this scale is also 
expressed as 3 inches to the foot. Similarly, a scale of 
13 inches to the foot is one in which a distance of 1 foot on 
the object is represented on the drawing by 14 inches. This 
scale is also expressed as a 3 scale, since the ratio of any line 
on the drawing to the corresponding line on the object is 4. 

In some cases, the drawing is made to a scale greater 
than 1; that is, the lines on the drawing are larger than the 
corresponding lines on the object. This is usually the case 
in the representation of very small objects or details. 

The dimensions given on a drawing are always fol- 
lowed; but it is customary to state the scale to which draw- 
ings are made, as this adds to the clearness of the drawing. It 
is common practice to have parts on the same sheet drawn to 
different scales, in order to make every part sufficiently clear. 


28. Measuring Scales.—The name scale is also given 
to a graduated rule used for measuring distances. Some 
of these rules are graduated to a natural scale, that is, into 
true inches and fractions of an inch, such as eighths, six- 
teenths, tenths, etc. Others are graduated in such a manner 
as to give directly, without computation, the proper reduced 
lengths of lines drawn to the scale adopted for the drawing. 

Fig. 5 shows a convenient scale, which combines eleven 
systems of subdivision, and may be used for all the mechan- 
ical drawing ordinarily done in a drafting room. This scale 
is triangular in section, and its graduations cover a length of 
12 inches. On each of its edges is laid off a scale, as shown 
at 4, B,and G. The scale at G is full size, or natural; this 
edge of the scale is divided into inches and fractions of an inch 
down to sixteenths, and is used for drawings in which an object 
is represented in its natural size. On the opposite side, at B, 
is shown the quarter-size scale of 3 inches to the foot. This is 
indicated by the 3 at the end. The first 3-inch (actual size) 
division from B to C is subdivided into twelve parts repre- 
senting inches, and each of these parts is then subdivided 
into equal parts, generally torepresent fractions of an inch. 
From C to D, D to &, and & to F, the scale is marked in its 
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main divisions to represent 1 foot each, each 
foot being represented on the scale by an 
actual length of 3 inches. From 4 to B, the 
scale is independently divided into spaces of 
14 inches (actual size) to form an eighth-size 
scale, or 14 inches to the foot; this is indicated 
by the 14 at the end. The divisions of the 
latter scale occur on and between the marks 
for the 3-inches-to-the-foot scale. 

The other sides and edges of the instrument 
are divided into scales of 1 and 4, ? and , 
t and #, and 7°s and 3% inch to the foot, each scale 
being designated by the fraction at its end. 
Different makers do not always arrange their 
scales in the same manner. ‘Thus, instead of 
having a full-size scale and scales of 3 inches to 
the foot and 14 inches to the foot on one side, 
as shown in Fig. 5, some makers have the full- 
size scale, and the scale of 7°s and 32 inch to the 
foot onone side. It will be noticed that the num- 
bering of the feet on these scales does not start 
at the end of the instrument, but at the first main 
division from the end. ‘Thus, on the quarter- 
size scale, or scale of 3 inches to the foot, the 
zero mark is placed at C, and the first foot is 
measured to J. This is done so that the feet 
and inches may be laid off independently and 
with one reading of the scale. 

The figures indicating the number of feet on 
this scale are placed along the inside edge at 
D, £, and F, the numbers running in a direc- 
tion away from the part containing the inches. 
The numbers indicating inches run in an opposite 
direction from those defining the feet. 


29. Laying Off Distances to Scale.—To 
lay off 2 feet 3% inches on a scale of 3 inches 
to the foot, and from a given point, place the 
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scale on the point so that the 2-foot mark will be directly 
over it; then from the zero mark C lay off 3? inches as 
shown, locating a second point. The length of the dis- 
tance thus laid off between the two points represents 2 feet 
¢ inches to the scale of 3 inches to the foot. The scale 
of 13 inches to the foot is used in a similar manner to 
lay off the same distance. The figures indicating feet on 
this scale are placed nearer the edge, in order to prevent 
confusion in reading. 

To draw to half size, or to a scale of 6 inches to the foot, 
use the full-size scale, and remember that every ¢ inch on 
that scale corresponds to 1 inch on the object—that is, that 
every dimension on the drawing is only one-half of the real 
length. Thus, to lay off 5% inches, lay off 5 half inches and 
zs inch over; the result represents a line 5 inches long to a 
scale of 6 inches to the foot. 


30. Special Scales.—It may happen that a draftsman 
is obliged to make a scale, when the size of his plate is 
limited and a general drawing of some object is desired. In 
such a case, one scale may be too large for the drawing 
to be made on a sheet of the required size; another scale 
may make the Bete ae small. For paatenle, a @ scale 
may be too large and a 7¢ scale too small; ax’ scale may be 
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just right. If the draftsman has no 7's scale, he may make 
one by taking a piece of heavy drawing paper and cutting 
out a strip about the size of an ordinary scale and laying off 
1 foot on it, dividing it into ten equal parts. Each division 
or part will represent 1 foot on the object. Divide one of 
the end parts into twelve equal parts, and each will represent 
1 inch on the object. Lines indicating half and quarter 
inches may be drawn if considered necessary. 
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Fig. 6 shows part of a scale made in this manner, giving 
feet, inches, and half inches—the quarters, eighths, etc. of 
an inch being judged by the eye. 

To make a # scale, lay off 12 inches and divide this dis- 
tance into five equal parts. Divide one of the end divisions 
into twelve equal parts, to represent inches, and then divide 
each of these parts into halves, quarters, eighths, etc., as 
far as desired. 


DIRECTIONS FOR DRAWING THE 
PLATES 


GENERAL INSTRUCTIONS 

Notre.—The general instructions that follow apply to all the Draw- 
ing Plates given in the present and in succeeding Sections. 

31. Size of Plates.—The plates are to be of the same 
size as those drawn in connection with Geometrical Drawing, 
that is, 14 in. X 18 in., with border lines drawn ¢ inch from 
the edge, making the working space 18 in. X 17 in. 


32. Title and Number of Plate.—The title or name 
of each plate is, when convenient, to be placed at the lower 
right corner of the sheet; a space of 14 in. X 4 in. is to be 
reserved for this purpose. In addition to the title, there will 
be given in this space the number of the drawing, the drafts- 
man’s name, and the date when the drawing was finished. 
If desired, the date when the drawing was started may also 
be given. 


383. Abbreviations.—In general, abbreviations are used 
on drawings only when lack of space prevents the use of 
complete words. There are, however, a few abbreviations 
that can be used without hesitation, having been fixed by 
long practice, such as D. or “‘Diam.’’ for diameter; R. or 
“Rad.” for radius; ““Thds.” for threads; f. for finish; C. L. 
or € for center line. 


34. Dimensions.—As a rule, all dimensions above 
12 inches are to be given in feet and inches; the feet being 
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designated by a single accent mark (’), and the inches by a 
double accent mark (/). The feet and inches should be 
separated by a short dash; thus, 2/-3/. 

Fractions should be written with the dividing line between 
the numerator and the denominator in a horizontal position, 
thus: #/, is”; never with the dividing line vertical or inclined, 
thus 3/4”, 7/16”. Mixed numbers should be written without 
a dash between the whole number and the fraction; thus: 
42’, 53. In writing decimals less than 1, a zero should 
generally be placed before the decimal point to avoid con- 
huIstonrmihiisy Onl aOl25/ = not’. 25". 

Where possible, dimensions should be written so that 
they can be read from the bottom and the right side of 
the drawing. 


35. Notes on Drawings.—When it is desired to con- 
vey special information, this is done by writing notes on the 
drawings. The location of notes should be chosen with 
great care, so that they will not be obscured by the lines of 
the drawing. The notes should be as clear and concise 
as it is possible to make them without omitting necessary 
information. 


386. Drawing the Plates.—The method of making the 
drawings in this and succeeding Sections is different from 
that followed in Geometrical Drawing. The plates will first 
be made in pencil on Manila paper, but will not be inked in. 
The pencil lines should be about 50 per cent. heavier than 
those in the Geometrical Drawing plates. This is to render 
them more clearly visible through the tracing cloth (see 
Art. 9). All lettering should be done on the pencil drawing 
before tracing, so that it will be properly and conveniently 
arranged. 


37. Making the Tracings.—When the student finishes 
a plate in pencil, he should compare it carefully with the 
one sent by the Schools, and read again the directions given 
in the text. When he is certain that his plate has been 
drawn correctly, he should spread the tracing cloth over it, 
and stretch it smooth and flat, as described in Art. 9. If the 
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smooth side of the cloth is used, it should be thoroughly 
rubbed with powdered chalk, magnesia, or pumice stone (any 
of which can be obtained at a drug store for a few cents), in 
order to remove all grease and dirt, and to slightly lessen 
the gloss on the surface, so the ink will flow evenly. When 
the entire surface has been rubbed, the remaining powder 
can be dusted off with a clean handkerchief or other cloth. 
Be careful not to use a dirty cloth, especially one that 
is likely to contain grease. Next fill the right-line pen and 
adjust it to the proper width of the line, trying it on the 
edge of the tracing cloth outside of the boundary lines, until 
it is right and the ink flows smoothly. Now, wzthout delay, 
start drawing the lines on the tracing. Any delay allows 
the ink to dry and harden at the point of the pen, and this 
makes it necessary to clean out the pen and refill it. It is 
best to begin with the horizontal lines, then ink the vertical 
lines, and finally the inclined lines. When there are curves 
tangent to straight lines, the curves should be traced first. 
In this way, a better junction can be made than if the 
straight lines are drawn first. It should be remembered 
that ink dries slowly on tracing cloth, so that care must be 
taken not to smudge lines by rubbing them before they are 
dry. Lines must be allowed io dry by themselves, they should 
not be dried with blotting paper, as this paper absorbs part of 
the ink and leaves a pale line that does not show well on the 
blueprint. After a little experience, the draftsman will learn 
to divide his work in such a manner that he can work con- 
tinually, moving from one part of the drawing to another 
when the lines are dry. Lettering, dimensions, and titles 
should not be inked in until all the lines are drawn. 


38. Method of Handling the Ruling Pen.—In draw- 
ing a line, the pen should not press on the cloth very hard, 
and should move with almost uniform speed, as this gives a 
smoother line. Care should be taken to start a line at the 
right point, and not to carry it beyond nor stop it short of 
the end. At first, it may be found somewhat difficult to get 
lines that are smooth, distinct, and uniformly black; but, 
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after a little practice, this difficulty will disappear. It should 
be kept in mind that, in order to obtain a good line, it is not 
necessary to press the pen hard on the cloth. Ink work is 
entirely different from pencil work in this respect. It is 
sufficient to press the pen lightly, so that it will be well in 
contact with the surface of the cloth, to make the ink flow 
smoothly. An even pressure is necessary, however; good 
lines cannot be obtained if the pen just touches at one spot 
and digs in another. Never have the nibs of the pen in con- 
tact, even for the finest lines, as smooth lines cannot then 
be drawn. After a little practice, the tracer learns to get a 
fine line by spacing the nibs a very small distance apart. 
Each time the pen is filled, the width of line should be tried 
on the edge of the sheet of tracing cloth to see if the nibs 
need to be readjusted. 

When it is necessary to draw pencil lines on a tracing, 
they should be made with a soft pencil, preferably softer 
than HH, as hard pencils cut into the cloth and the lines 
are difficult to erase. 


39. Erasing.—In case it is necessary to erase an ink line 
from a tracing, this can be done by means of an ink eraser. 
Do not try to remove the line quickly by rubbing hard, but 
rub gently until the line is removed. Then rub some chalk 
on the surface where the erasure has been made. If the ink 
runs through the cloth, wait until the tracing is finished, 
then turn it over and remove the ink by means of the ink 
eraser. Have a blotter constantly at hand, so that if a blot 
occurs it can be removed at once. Do not lay the blotter flat 
on the paper on top of a blot, but first dip the corner of the 
blotter into the ink and allow it to absorb all the ink it will. 
Then place the blotter on top of the spot, and press it down 
gently. What remains of the blot after this can be entirely 
removed by means of the ink eraser, care being taken to 
allow the blot to dry entirely before the eraser is used. 


40. Erasers.—The kind of rubber to be used varies 
somewhat with the nature of the material on which the 
drawing is made If bristol board, tracing cloth, or paper 
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with a coarse grain or fiber, which is apt to raise by rubbing, 
is used, a soft rubber is recommended. On duplex, double 
elephant, and the ordinary drawing papers, a harder rubber 
will be found better. 

For erasing ink lines, ink erasers are most satisfactory. 
They are made with emery or glass mixed with the rubber; 
the action of the eraser cuts the outer skin of the paper on 
which the lines are drawn and removes the ink. If there 
should be two or three erasures over the same spot, the 
paper or cloth is very apt to rub through. With double 
elephant or any good drawing paper, this is not so likely to 
occur with two or three erasures; but when a line is to be 
erased from tracing cloth care must be exercised, because 
the cloth will not stand much rubbing without wearing 
through. 

Before attempting to remove a line, the eraser should be 
cleaned by rubbing it on aclean piece of paper. Should it 
then smear the ink, it is probable that it is too hard or old, 
and it should be discarded. A 
rubber of the size and shape 
shown in Fig. 7 is usually found 
to be most convenient. 

When erasing on tracing 
cloth, the cloth should be laid 
on a smooth surface and held firmly, the rubbing being done 
gently and patiently until all traces of the lines have dis- 
appeared. A rotary motion imparted to the eraser often 
facilitates the operation. The gloss of the tracing cloth, 
which may have been destroyed by rubbing, can be renewed 
by applying powdered pumice stone with a chamois skin and 
finishing the spot with chamois alone. In erasing ink lines 
from drawing paper, the gloss may be brought back by 
burnishing the spot with a smooth piece of ivory, such as is 
used for the handles of drawing pens. By this means, a 
smooth surface is obtained on which the ink will not run. 


41. Erasing Shields.—In Fig. 8 is shown a brass 
shield that is often found useful when erasing small spots 
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figures, or short lines. It contains holes of different shapes, 
so that it is possible to erase particular spots without injuring 
adjacent parts of the drawing. As a soiled brass shield is 
likely to smut the drawing, care should be taken that the 
shield is perfectly clean. Shields 
made from thick drawing paper 
or thin cardboard will not soil the 
drawing, and have the additional 
advantage that they may be cut to 
the exact size or shape of the part to be erased; on the other 
hand, they have the disadvantage of wearing away sooner 
than those made of brass. 


Fie. 8 


42. Cleaning Drawings.—<A drawing is almost sure 
to become soiled from the rubbing of the draftsman’s sleeves, 
the perspiration from his hands, and from dust that accumu- 
lates on it. This may be prevented to a certain extent by 
covering the work, except those parts on which the draftsman 
is engaged, with transparent paper thoroughly secured at the 
edges so as not to interfere with the operation of the triangles 
and T square. After a drawing has been worked on for some 
time, an erasure brings out the original color of the paper, 
showing the amount of dirt that has accumulated. 

Before commencing work, the scales, triangles, and T square 
should be thoroughly cleaned. One of the main sources of 
dirt on a drawing is the sliding of the instruments over 
the surface; celluloid and rubber triangles are especially 
liable to accumulate dirt. Any particles of pencil chips or 
rubber that may accumulate underneath the paper will raise 
small hills on the surface; consequently, the drawing board 
should be thoroughly cleaned before the paper is tacked in 
place. For cleaning drawings, sponge rubbers are by far the 
most effectual means. Though a piece of stale, well-kneaded 
bread will clean a drawing, or at least will distribute the dirt 
so that the drawing will have a cleanly appearance, it is not 
recommended. 


43. Cleaning Tracings.—Tracings can be cleaned by 
means of a.soft cloth soaked in benzine. This effectually 
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removes all dirt and pencil marks without injuring either the 
tracing cloth or the ink lines. Care should be taken, where 
it is desirable to clean the tracing in this way, that the ink 
is a good waterproof India ink. It is always advisable to 
experiment with the ink on a small piece of cloth before 
using it on the drawing. The benzine should be pure and 
contain no water, as water will destroy the tracing cloth and 
smear the ink. 


44, Lettering.—Great stress was laid in Geometrical 
Drawing on the necessity of learning how to letter neatly. 
The student should remember that facility in lettering is 
acquired only by practice, and he should not become dis- 
couraged if his lettering on the first plates is not so good 
as that on the Schools’ plates. To further assist him in 
becoming acquainted with the proper method of lettering the 
drawings, some additional information on lettering is here 
given. 

The lettering on the plates in Geometrical Drawing is fre- 
quently used on mechanical and engineering drawings. The 
type used for the title is known as the block letter, while the 
single-line Italic is used for all notes and explanations. 
The lettering of the titles on these plates, while very legible 
and presenting a good appearance, cannot always be executed 
as quickly as the exigencies of the drafting room require; 
therefore, some other style of lettering is usually adopted. 


45. Vertical Block Letters.—The block letter illus- 
trated and described in Geometrical Drawing is sometimes 
modified by making the corners angular instead of round, 
as shown in Fig.9. All these letters can be made with 
the right-line drawing pen, and when carefully laid out 
present a very good appearance. The total width of each 
letter, except 4, G,/,L,M, W, Y, and the figures 1 and 4, is 
four-fifths the height. The thickness or width of 7 and JZ 

epends on the size of the line used, the size or thickness of 
line in the figure being one-fifth the height. The width of Z 
is usually made a little less than four-fifths the height. The 
total widths of A,M, and Y are each made equal to the 
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height, and that of W is 
1.1 times the height. The 
total widths of the letter G 
and figure 4 are each a little 


greater than four-fifths the 
height, as shown in the 
figure. 


The widths of the spaces 
between the letters depend 
on the arrangement of the 
letters in the words, and are 
different for different arrange- 
ments. The letters in Fig. 9 
were spaced to present the 
best possible appearance for 
that arrangement. The 
spaces in the figure are given 
in parts of the height, the 
unit being one-fifth the 
height. For example, the 
space between # and C is 
given as 2, indicating that 
this space is 2 parts, or two- 
fifths of the height. It is 
difficult to give rules for the 
spacing of letters in every 
case that may arise; the best 
spacing is done by eye so as 
to give a smooth unbroken 
appearance. If the letters 
are too close together, they 
appear crowded and are diffi- 
cult to read; if they are too 
far apart, the open spaces 
between them give the draw- 
ing a broken appearance. 
Where the letter 4 is adjacent 
to fe 2, 7a of , the 
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lower extremity of 4 is 
placed vertically under the 
extremity of the other letter. 
The same rule applies to the 
letters £4 Le ola 
and Y, whenever any of them 
is adjacent to another letter 
in such a Way as to make 
this spacing possible. On 
the Practice Sheet, presently 
to be described, the student 
will lay out the letters accord- 
ing to the guide lines shown 
in Fig. 9. 


46. Inclined Block 
Letters.—A better form of 
lettering for freehand work is 
shown in Fig. 10. The gen- 
eral proportions and spacing 
are the same as explained for 
the vertical letters in the 
preceding article. Many of 
the letters shown in Fig. 10 
cannot be made by means of 
the ruling pen; hence, all 
should be made freehand, as 
a more uniform result will 
thus be obtained. If the let- 
ters having curved outlines 
are made exactly the same 
height as those having 
straight outlines, they will 
appear smaller; for this 
reason, round letters, such as 
C,G,O, are made slightly 
higher than the others. The 
inclined guide lines for these 
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letters make an angle with the horizontal guide lines of eight 
vertical to three horizontal, as shown at the right end of 
Fig. 10, and it is a great help to rule them in, in light pencil 
lines, so as to keep the slope of the lettering uniform. The 
lines may be made almost any thickness up to nearly one- 
fourth the height, but clearer and more legible words are 
obtained if they are made not greater than one-fifth the height. 


47. Working Letters.—On all drawings showing con- 
structive features, there are numerous notes and descriptive 
matter. The neatness of the drawing depends to a great 
extent on the lettering of these notes, both as to style and 
execution. The style that has become general on working 
drawings, on account both of the rapidity with which it may 
be executed and of its clearness and legibility, is known as 
the szngle stroke, and is shown in Fig. 11. ‘This figure shows 
the number of pen strokes in each letter as well as the 
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direction and the order in which the strokes should be made. 
The student should observe carefully the formation of these 
letters and follow the order and direction of the strokes 
given in the figure. Each stroke is numbered, and the 
direction is marked by an arrow. The student is advised 
to practice these letters assiduously, making them at least 
the size shown in the figure, as, by making them large, 
imperfections will show more plainly and he can better see 
where improvement is needed. 

By comparing this style of lettering with the single-line 
Italic employed for similar descriptive matter on the plates 
in Geometrical Drawing, it will be noticed how much simpler 
is the style shown in Fig. 11. The single-stroke letter has 
the further advantage of occupying less space lengthwise 
than any other style of letter, and, even though the letters 
are crowded, the legibility is not impaired, as will be 
observed in Fig. 12. 
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The width and spacing of these letters may be made in 
one of the ways shown in Fig. 12, according to the amount 
of room available. 

The alphabet shown in Fig. 11 is of value to the drafts- 
man and engineer, and the student should by continual 


(5) 
Fic. 13 


practice familiarize himself with the formation and propor- 
tion of these letters. The elements of the letters are formed 
by a single pen stroke, and, when executed at a uniform 
angle and properly spaced, they 
present a line of great neatness and “pert 
legibility. The principles on which 
these letters are constructed are 
shown in the ovals of Fig. 13 (a), 
as are also the characteristic curves 
by which such letters as m, , and u ~ 
are joined at the top or bottom. 

At (4), the similarity of certain letters is shown, which if 
carefully noted will assist in obtaining uniformity in lettering. 
Although a slope of 60° may be used for these letters, the 
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best slant is that of the hypotenuse of a triangle having a 
base of three parts to a height of eight, as shown in Fig. 14. 

In executing this lettering, the principal points to be 
observed are to keep the letters the same height and slant 
and as regularly spaced as possible. It is better, where neat 
lettering is required, to draw four or five guide lines for the 
letters, as shown in Fig. 11. The four spaces in the figure 
are equal; the top line limits the height of the capitals and of 
such letters as 6,d,/,4,, /, etc.; the second line from the top 
locates the height of the small letters. Such letters as 
2,j,£, 9, and y extend beyond the fourth line a distance 
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equal to one space. It is, however, unnecessary to draw a 
line for this purpose, as these letters are usually at such a 
distance from one another that a slight deviation is indis- 
cernible and the eye is a sufficient guide. A good exercise 
for the student who wishes to become proficient in the 
execution of this type of lettering is shown in Fig. 15; it 
consists in drawing, freehand, numerous lines about the 
height of the large letters, all parallel and at the proper 
angle with the horizontal. 

There are many devices that the ingenious draftsman may 
adopt in order to facilitate the lettering on a drawing. 
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It is a common practice, where there is much descriptive 
matter that has not been written on the pencil drawing but 
must be written on the tracing, to place under the tracing 
cloth a sheet of ruled cross-section paper and use the rulings 
as guide lines for the lettering. 


48. Neatness.—It should be constantly borne in mind 
that the work of a draftsman should be accurate and neat; 
that all lines, figures (numbers), and letters must be clear cut 
and distinct; that there must be no doubt as to the mean- 
ing of lines and dimensions; that mistakes made on draw- 
ings are often more serious than errors in the field or shop, 
for they may not be located until the various parts of the 
work are put together. Even though the tracer realizes, in 
practice, that all his work will be checked, he should not 
relax his vigilance on that account. If a man is inaccurate, 
the checker soon finds it out, and he is usually not slow in 
imparting the information to the chief draftsman. 


49. Sending the Work.—The student will send to the 
Schools tracings of all the remaining plates of this Course. 
He should not send the pencil drawings, which he should 
retain, as it may be necessary for him to retrace them. 


PLATE 101, TITLE: PRACTICE SHEET 


50. Introduction.—This plate is intended for a prac- 
tice sheet in tracing, and is introduced to give the student 
an opportunity to familiarize himself with the methods of 
making lines and letters on tracing cloth; it is not in any 
way a working drawing. 

In order to distinguish readily between references to figure 
numbers on the drawing plates and those in the text, the 
former will be designated by a star. Thus, Fig.* 1 indicates 
figure 1 on the drawing plate under consideration. The 
usual abbreviation Fig. refers to figures in the text. 


51. Directions for Laying Out the Pencil Drawing. 
Fig.* 1 is a set of lines of different kinds and weights inclined 
LUT si6—22 
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at angles of 45° to the horizontal, and enclosed in a square 
5 inches on a side. Locate the top line of the square ¢ inch 
from the top border line, and the left side 2 inch from the 
left border line. Divide each of the four sides of the square 
into 19 equal parts in one of the ways described in Geomet- 
vical Drawing. Draw the lines from the points of division 
with the aid of the 45° triangle resting onthe T square. Inthe 
pencil drawing, the lines are all drawn of the same weight, 
and, if desired, all full. In tracing them, the pen should be 
adjusted to obtain the proper widths. At first, it is better 
for the student not to draw full those lines that are to be 
composed of dots or dashes, but to draw them in pencil just 
as they are to appear on the tracing, with the exception of 
the weight or width. 


52. Fig.* 2 is a series of ten concentric circles, the outer 
circle being 5 inches in diameter. First draw the two diam- 
eters at right angles to each other, locating the vertical 
diameter at the center of the plate and the horizontal diam- 
eter 34 inches from the top border line. The radii of the 
circles can be laid off along the horizontal diameter by means 
of the full-size scale. They are +, 4, $,1, 14, 14, 13, 2, 23, and 
22 inches, respectively. Do not bear on the point of the 
compass at the center very hard, or a bad hole will be worn 
in the tracing. As in the case of Fig.* 1, the pencil lines 
may all be made the same weight if desired. 


53. Fig.* 3 consists of several semicircles enclosed in a 
circle 5 inches in diameter. First draw the two diameters 
at right angles to each other, placing the vertical diameter 
3 inches from the right border line and the horizontal diam- 
eter 3 inches from the top border line. Draw the out- 
side circle 5 inches in diameter. Mark off the horizontal 
diameter into 16 equal parts of is inch each by means of the 
full-size scale. Use each of the points of subdivision as the 
center of a semicircle, and draw the semicircles as shown. 
The radii of the semicircles are, respectively, is, 3, +5, 14, 
1y°s, 13, and 27s inches. Great care must be taken in laying 
off the distances along the horizontal diameter and in drawing 
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the semicircles, that they will be exactly tangent, as shown, 
and meet the outside circle at the ends of the diameter. The 
object of this exercise is to teach the student to connect the 
curves by smooth lines without any breaks or irregularities. 


54. Fig.* 4 represents various kinds of lettering that 
will be used in this and succeeding plates. They are made 
as described in previous articles, and no further instructions 
are necessary, except as to their height. The letters in the 
heading Letters G& Figures are ¢ inch in height; their thick- 
ness is about one-sixth the height, but the student may make 
the thickness equal to one-fifth the height, as in Fig. 10, if 
he so desires. The letters and numerals in Type I and 
Type II are all 2 inch in height, and are the same as the 
alphabets shown in Figs. 9 and 10, respectively. The letters 
and numerals in Type III are 4 inch high, and the fractions 
are + inch high; the letters and numerals are made as shown 
in Fig.11. In Type IV, the stems of such letters as 4, d, and ’ 
are 4 inch high, and the main parts of the letters are made 
two-thirds this height. In the note, the letters are ss inch 
in height, and in the last line of letters the stems are + inch 
in height. The student is advised to draw the letters of 
each type on small sheets of paper several times, so as to 
become familiar with the method of forming them before 
putting them on the plate. This will give him a good idea 
of the amount of room to leave for each letter, so that he 
can arrange the different types laterally about as shown on 
the plate. The lower guide line of the heading is 63° inches 
above the lower border line; the lower lines of Type I are, 
respectively, 5%, 5, and 4% inches above the lower border 
line; of Type II, 34, 23, and 1% inches; of Type III, 6, 53, 
and 533; inches; of Type IV, 4;°« inches; of the note, 37%, 
33%, and 21% inches, and of the last line of letters, 24 inches. 
In drawing the letters on the plate, it will be best for the 
student to draw all necessary horizontal, inclined and vertical 
guide lines. He can then follow the instructions given in 
preceding articles in forming the letters. In practice, it is 
not customary to draw all the guide lines, as an experienced 
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draftsman can usually form the letters by eye, with the aid 
of the lower guide line alone. 


55. Fig.* 5 shows the different kinds of lines that are 
commonly used in mechanical and construction drawing. 
In drawing them on the tracing, they should in every case 
be made slightly heavier than shown on the plate, since the 
plate is somewhat reduced in size. The letters in the heading 
Lines are + inch high, the same as for the heading for 
Fig.* 4, and they are made the same as Type II, Fig.* 4. The 
lower guide line of the heading is 1 inch from the lower 
border line. The names of the lines are $ inch high, the 
letters being the same as those of Type III, Fig,* 4. The 
lower guide lines for those letters are, respectively, 7 and 
3 inch from the lower border line. Each line, including the 
heading, is 53 inches in length. 


DEFINITIONS OF LINES 


56. Surface lines are lines that limit or bound the 
delineation of an object, and should be of the same weight 
all through the figure. 


57. Dimension lines are lines drawn to show limits to 
which dimensions apply, and are ended with an arrowhead, 
put in freehand; the arrowheads should always touch the 


lines that limit the dimension, thus: | —2¢-—+ never 


thus: | ee 


“ 


| A short dimension may be indicated 


thus: “8 = placing arrowheads outside of the limiting 


| ” 
lines, or thus: — te 


Do not put dimension lines in or over the delineation of 
parts, nor place figures where they cannot be easily read. 


58. Center Lines.—When objects are symmetrical, or 
nearly so, center lines are usually drawn at the working 
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center of the drawing. These lines are very important, 
being lines of reference from which the work is to be laid 
out. Dimensions are frequently given from the center lines, 
which always serve as a guide for all dimensions, even when 
not used to limit the dimensions. In making working draw- 
ings, it is important that one of the center lines should be 
first located, as this will serve as a general line of reference. 
This center line is not necessarily the geometrical center of 
the figure; it may be simply an important line in the object 
drawn, from which or along which, as a basis, dimensions 
are laid off. 

This line is also used to indicate where a section has been 
or is to be taken. If, however, a partial section is indicated, 
the remainder of the view being in elevation or plan, the 
full (surface) line is used, except where there is an opening 
appearing in both parts of the view; in this case, the dash 
and dot would be used where the line crosses the opening, 
and the full line where it crosses the solid portion. 


59. Hidden surface lines are lines drawn to show the 
surfaces of hidden parts. It should be noticed that a part 
hidden in one view is sometimes drawn full in other views, 
indicating that from one position the part cannot be seen, 
while from the other position it can. 


60. As previously stated, all lines on tracings should be 
fully 50 per cent. heavier than the lines used on the plates 
drawn in connection with Geometrical Drawing. The only 
case in which a fine line should be used is when locating 
points by intersecting lines, and even then they are not 
actually needed, since the points can be located by fine 
pencil lines, and being once located the lines passing through 
the points may be as heavy as desired. Fine lines on 
tracings render it very difficult to obtain a good blueprint. 


61. It will be noticed that the broken-and-dotted lines, 
here used for center lines and to indicate where a section is 
to be, or has been taken, consist of a repetition of long 
dashes, each followed by one dot. In Geometrical Drawing, 
two dots were used.. Both forms of this line are widely — 
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employed, but the student is advised to use the one here 
shown, as it is simpler. When working in a drafting room, 
however, a draftsman must conform to the standards in force 
there. 


PLATE 102, TITLE: MASONRY AND TIMBER 


62. Introduction.—This plate is intended as a practice 
sheet to teach the methods employed to represent different 
kinds of masonry, as well as masonry and timber construction. 


63. Masonry Retaining Wall.—Fig.* 1 shows the front 
elevation, top view, and cross-section of a retaining wall of 
stone masonry. The principal dimensions are given, together 
with the names usually applied to the various parts of the 
wall. The vertical height of each course is given, no allow- 
ance being made for joints. This is quite common practice; 
the actual sizes of the stones in the different courses depend 
on the kind of masonry, and are usually computed by the 
stone cutter from the dimensions given on the drawing. In 
the front elevation, the longer stones (stretchers) are 
shown 8 feet long, and the narrower stones (headers) are 
shown 18 inches in width. 

The three views are located on the plate as follows: The 
top line of the front elevation is 24 inches from the top 
border line, the left vertical cutting line is ? inch from the 
left border line, and the front elevation is 4% inches long. 
The front line of the top view is 2 inch from the top line of 
the front elevation. The face of the abutment, as shown in 
cross-section, is plumb, that is, vertical, and # inch from 
the right vertical cutting line of the front elevation. 

With these lines laid out on the plate, the dimensions are 
then laid out to the scale of + inch to the foot; that is, each 
foot on the wall is shown as + inch on the drawing. For 
example, the intermediate courses or layers of stone measure 
each ¢ inch on the drawing, and are 1 foot thick in the actual 
wall. The best results will be obtained if the cross-section 
is laid out to scale before the remainder of the figure is 
drawn. The other views can then be projected as shown. 
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In laying out these dimensions to scale, the general instruc- 
tions for scaling given in Arts. 28 and 29 must be followed. 
Only the outlines, joints, and dimensions need be given on the 
pencil drawing, the fine parallel lines shown in the interior 
of the cross-section being omitted on the pencil drawing and 
drawn on thetracing. These lines are called section lines, 
or cross-hatching, and are the same distance apart all over 
the section. There are several special appliances for ruling 
section lines, but in the plates of this Course all section 
lines will be drawn without the use of a scale or special 
instrument, the eye being the only guide in spacing them 
evenly, and the student will follow this plan in drawing the 
sections shown. With practice, great skill can be acquired 
in spacing the lines evenly, and the work can be done 
very rapidly. 


64. Reinforced-Concrete Retaining Wall.—Fig.* 2 
shows the rear elevation and cross-section of a retaining 
wall of reinforced concrete. The principal dimensions of 
the wall, together with the size and spacing of the reinforcing 
rods, are given in the figure. The dotted lines in the rear 
elevation represent the reinforcing rods; the full vertical 


lines are the outside surfaces of the counterforts. In the 
cross-section, the reinforcing rods in the counterfort are 
shown by dotted lines; in this view, the rods that are cut by 
the section are shown as small black squares, and those 
parallel to the section as heavy black lines; this is the usual 
practice for this type of construction. This view also illus- 
trates the usual method of representing broken-stone con- 
crete. In forming the concrete, it is customary first to draw 
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at random throughout the section a number of irregular 
triangles, as shown in Fig. 16; these are assumed to repre- 
sent the irregular broken stones. When a sufficient number 
have been drawn, the remaining area, between the stones, is 
filled with small dots. The section can be shown light by 
putting in only a few dots, as in Fig. 17 (a), and dark by 
showing a large number of dots, as in Fig. 17 (6). The 
student should try to get approximately the same shade as 
that used in the plate. For this kind of work, a Gillott’s 
303 or some other kind of fine pen should be used. 


65. When gravel is used in the concrete instead of 
broken stone, it is customary first to draw a number of 


Fic. 18 


irregular rings or closed figures, as shown in Fig. 18. The 
remaining area is then filled in with small dots the same as 
for broken-stone concrete (see Fig. 19). 


66. The two views in Fig.* 2 are located on the plate 
as follows: The bottom line of the rear elevation is 14 inches 
above the lower border line; the left vertical cutting line is 
# inch from the left border line, and the rear elevation is 
4 inches wide. The face of the retaining wall, shown in the 
cross-section, is plumb, and is located 74 inches from the 
left border line. With these lines located on the plate, 
the remaining lines are laid out, according to the dimen- 
sions given, to a scale of t+ inch to the foot. It is the best 
plan to lay out the entire cross-section before drawing the rear 
elevation; then the lines can be projected across from the 
section to the elevation. 


67. Brick Masonry.—Fig.* 8 shows the front eleva- 
tions of portions of brick walls laid in different styles. 
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The first portion on the left is called English bond. In 
’ this style, the courses are alternately stretchers (that is, 
bricks with the long side at the surface of the wall) and 
headers (that is, bricks with the short side at the surface of 
the wall). 

The second portion is called Flemish bond. In this 
style, the bricks in every course are alternately headers and 
stretchers. 

The third portion is called common bond. _ In this style, 
five to ten courses are laid with stretchers, and then one 
course with headers. 

The standard form of brick measures about 8} in. x 4 in. 
x 2¢ in., and the joints are, as a rule, + inch thick. The 
lines representing the joints allow for the thicknesses of the 
joints, and are, respectively, 23, 44, and 8+ inches apart. 
They are laid out to a scale of $ inch to the foot, the top line 
of each being 1 inch from the top border line. The student 
can arrange the three parts of the figure on this line about as 
shown in the plate. 


68. Squared-Stone and Ashlar Masonry.—Fig.* 4 
shows the front elevation of three kinds of squared-stone 
masonry. In range masonry, all the horizontal joints are 
continuous; in broken range, the horizontal joints are 
partly continuous; in random range, there is no continuity 
in the horizontal joints. The top lines of these figures are 
3+ inches from the top border line; the figures are 1% inches 
high. The student can arrange the joints and also the figures 
on the sheet approximately as shown on the plate. There is no 
need, in the case of the broken-range and random-range 
masonry, for the student to arrange the joints exactly as 
shown on the plate. It will be better practice for him to 
exercise his ingenuity and arrange them to suit himself. 


69. Rubble Masonry.—Fig.* 5 shows two kinds of 
rubble masonry. In the uncoursed rubble masonry, no 
joints, either vertical or horizontal, are continuous; in the 
coursed rubble masonry, the stone is finished off horizontal 
at occasional intervals. The top line of each figure is 
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63 inches from the top border line, and each figure is 13 inches 
high. The student should follow the same general arrange- 
ment as shown on the plate when he arranges the joints, but 
there is no need to copy or reproduce them exactly. To get 
the best results, these joints should be drawn in freehand. 


70. Vimber Retaining Wall.—Fig.* 6 shows the front 
elevation and cross-section of a timber retaining wall, and 
illustrates the usual methods of representing the end and 
side views of timber. The top line of this wall is 43 inches, 
and the bottom line 2 inches above the lower border line. 
The front line of the cross-section is plumb, and is 3 inches 
from the right border line. This style of wall is frequently 
used for temporary purposes, and when so used is most often 
composed of second-hand railroad ties or other second-hand 
material. It should not be considered in connection with 
permanent work. The timbers are approximately 6in. xX 8in. 
x 8 ft., framed to 4 inches thick where the transverse pieces 
enter the face of the wall. The dimensions given on the 
plate are laid off to a scale of 2 inch to the foot. 


71. Concluding Remarks.—It is a waste of time to 
put cross-section lines, conventional signs for concrete, the 
wood marks on timber, etc. on pencil drawings, as better 
results can usually be obtained if these are made directly on 
the tracings. All dimension lines, dimensions, notes, etc. 
should be put on the pencil drawing to assist in locating them 
properly when tracing. It is also well in the beginning to 
draw guide lines for all dimensions and letters. The heights 
of letters on this and succeeding sheets were chosen so as to 
give the letters the proper appearance with relation to the 
remainder of the drawing. The student should try to make 
his letters about the same height as those shown on the plate, 
but there is no necessity for him to make them exactly the 
same height. 


. 
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PLATE 103, TITLE: STRUCTURAL STANDARDS 


72. Introduction.—This plate shows some structural 
standards much used in civil-engineering work. Figs.* 1 
to 10 are cross-sections of standard structural shapes; 
Figs.* 11 to 15 show portions of 
other standards. 


73. Angles.—The shapes shown 
in cross-section in Figs.* 1 and 2 
are called angles, and are usually § 
designated by the capital letter L. 
The two sides are at right angles 
and are called the legs. Fig. 20 
shows a perspective view of an 
angle, together with the holes that 
are used for riveting the angle to another angle or some 
other piece of steel. The portions in Figs.* 1 and 2 with 
no cross-hatching represent open holes for rivets. The 
lower line of each angle is 24 inches below the top border 
line. The left line of Fig.* 1 is 1 inch, and that of Fig.* 2 
is 84 inches from the left border line. The 
dimensions given on the plate are drawn to 
a scale of 3 inches to the foot. 


74. Channels.—The shapes drawn in 
Figs.* 8, 4, and 5 are called channels, and 
are usually designated by the symbol E. 
Fig. 21 shows a perspective view of a chan- 
nel, together with the holes that are left for 
rivets. The narrow vertical portion is the 
web; the remainder (the horizontal por- 
tions), are the flanges. The outer sur- 
faces of the flanges are at right angles to 
the web. The inner surfaces of the flanges 
are not parallel to the outer surfaces, but slope, as shown 
on the plate, with a slope of 6 to 1. The top line of each 
channel is § inch below the top border line; the left line 
of Fig.* 3 is 6% inches, that of Fig.* 4 is 83 inches, and that 
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of Fig.* 5 is 104 inches from the left border line. The lines 
given on the plate are drawn to a scale of 3 inches to the foot. 


75. Z Bars.—The shapes shown in Figs.* 6 and 7 are 
called zee bars, and are usually designated by the symbol Z. 
Fig. 22 shows a perspective 
view of a Z bar. The verti- 
cal portion is the web; and 
_the horizontal portions are 
"the flanges. The flanges 
are at right angles to the 
web. In both Figs.* 6 and 7, 

GP the top line is 4 inches from 
Fic. 22 the top border line; the left 
side of the web of Fig.* 6 is 13 inches, and that of Fig.* 7 
is 4g inches from the left border line. The lines given are 
drawn to a scale of 3 inches to the foot. 


76. IBeams.—The shapes shown in Figs.* 8, 9, and 10 
are called I beams, from the similarity of the cross-section 
to the capital letter I. The vertical 
part is the web; the horizontal parts 
are the flanges. Fig. 23 shows a 
perspective view of anI beam, together 
with the holes in the top and bottom 
flanges. The outer surfaces of the 
flanges are at right angles to the web; 
the inner surface of the flanges are not 
parallel to the outer surfaces, but are 
inclined at a slope of 6 to 1, as shown 
on the plate. The lower line of each 
I beam is 14 inches from the lower WA 
border line; the center of the web in bez LiDitom 
Fig.* 8 is 1% inches; in Fig.* 9, ao 

¢ inches, and in Fig.* 10, 8 inches, from the left border 
line. The shapes are drawn to a scale of 3 inches to the 
foot. 
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77. Rivets.—Fig.* 11 shows the elevation of a steel 
rivet. The round head at the left end is called a button 
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head. The flat conical head at the right end is called a 
countersunk head. Most rivets have button heads at 
both ends, some at only one end, while a few have counter- 
sunk heads at both ends. The rivet given on the plate is 
drawn full size; the center of the curved outline of the 
bottom head is found by trial, so that the head will be 7° inch 
in height and 14 inches in diameter. The center line of the 
rivet is 13 inches from the top border line, and the right end 
is ¢ inch from the right border line. 


78. Eyebar Head.—Fig.* 12 shows an eyebar head. 
The bar is rectangular in cross-section through the greater 
part of its length, and 
is increased in width 
at the end so as to 
form a circular head. 
A hole is bored in the 
center of this head to 
allow the connection 
of the eyebar to other 
pieces. The center 
line of the bar is 
42 inches from the 
top border line; the 
center of the circular 
head is 2+ inches 
from the right border 
line. The left end of 
the eyebar is shown 
broken off by an 
irregular line about 
61 inches from the 
right border line. 
The right side of the 
cross-section is 7 inches from the right border line. The 
figure is drawn to a scale of 3 inches to the foot. 

The centers of the circular curves that connect the straight 
sides of the bar with the outline of the circular head can be 
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found as follows: First draw the center line of the bar, 
Fig. 24 (a), and mark on it the location of the center a of 
the circular head. With a radius of 


: == = Ss 114 + 2 = 5% inches, to a scale of 


(a) 8 inches to the foot, and @ as a center, 

draw the portion 46 of the outline of the 

caer Lei circular head, as shown in Fig. 24 (4). 
Lay off the width of the bar, one-half 
i on each side of the center line, and 

draw the lines cc parallel to the center 

line representing the edges of the bar. 

Lay off, above and below the lines cc, 

(a) distances of 114 inches, and draw the 
construction lines ¢’c’, Fig. 24 (c), paral- 

é lel to cc. With a as a center, and a 

radius equal to 113 + 53 = 174 inches, 
describe the circular arcs dd, intersect- 

ing the lines c’c/ at e. Then the points 

marked e are the centers of the curves. 

() Draw the line ee; this line intersects cc 

™@) at /, the beginning of the curve. Draw 


the lines ea; these lines intersect the 
circle 64 at g,g, the points where the 


(hw) curves join. With the points e as cen- 
I ters and a radius of 11% inches, the arcs 
7 fg can now be drawn. 


79. Breaks.—In Fig.* 12, the eye- 

bar is shown broken off at the left end. 

@D This is frequently done when it is not 
desired to show the whole of a part. 

In many cases, the end is so broken or 

finished as to indicate the approximate 

(k) shape of the object broken. Conven- 

Baas tional methods of indicating breaks 

are shown in Fig. 25. Wood is usually shown broken 
in the manner illustrated at (a), angles as at (4), T’s ag 
at (c), Z bars as at (d). Cylindrical objects are occasionally 
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broken as shown at (e), but most frequently in the manner 
shown at (f). Pipes and similar hollow cylindrical objects 
may be broken as shown at (g); but more frequently the 
break is made as shown at (#). Rectangular objects may 
be broken in the manner shown at (7). Plates and objects 
other than those included between views (a) and (2) are often 
shown broken off by drawing a wavy freehand line, as in (,) 
and (#). These methods will be followed in the subsequent 
plates of this Course. 


80. Lateral Pin With Cotter.—Fig.* 18 is a side 
view of a lateral pin with a cotter in the end. This pin 
is circular in cross-section and somewhat resembles a bolt 
with a large diameter. The diameter at the right end is about 
+ inch less than the body of the pin—that is, about 22 inches. 
The center line of the pin is 6? inches below the top border 
line; the right end is 5% inches from the right border line. 
The figure is drawn to a scale of 3 inches to the foot. 


81. Pin Nut.—Fig.* 14 is a top view and side view of a 
hexagonal pin nut. The center of the top view is 7% inches 
from the top border line, and 2% inches from the right border 
line. The right side of the side view is 3 inch from the 
right border line. The figure is drawn to a scale of 3 inches 
to the foot. In drawing the hexagonal outline, the direc- 
tions given in Geometrical Drawing for laying out a hexagon 
should be followed. 


82. Loop-Welded Rod.—Fig.* 15 shows a cross-sec- 
tion and views of two sides of the end of a square loop- 
welded rod. The loop end is formed by bending the 
end of a straight rod into a circle and welding the end 
to the main part of the rod. No difficulty will be experi- 
enced in laying this out on the drawing. A scale of 3 inches 
to the foot should be used. The center line of the upper 
view is 83 inches above the bottom border line; the center 
of the lower view is 2+ inches above the border ‘line; the 
center of the cross-section is 6% inches, and the center of 
the circular portion of the end is 1% inches, from the right 
border line. 
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bering, §50, p33 
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p39 
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for retaining walls, §48, p33 
forms for retaining walls, §48, p36 
foundations under water, §47, p46 
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Representation of, §52, p37 
retaining walls, Construction of, §48, p33 
rubble, §48, p36 
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work for culverts, General remarks on, §49, 
p52 
work, Joining old, to new, §49, p54 
Working strength of, §49, p20 
Conglomerate, Definition of, §46, p5 
Construction drawing, Definition of, §52, p2 
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§47, p25 
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Cotter pin, Drawing of, §52, p45 
Coulomb’s theory of stability of retaining 
walls, §48, p10 
Counterforts, Object of, §48, p2 
Countersunk rivet head, Representation of, 
$52, p42 
Coursed rubble masonry, §52, p39 
Covers for box culverts, §49, p7 
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Creo-resinate process for treatment of timber, 
§46, p47 
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-walls for culverts, §49, p28 
Crown of an arch, Definition of, §49, p21 
Crushing strength of brick masonry, §46, p39 
strength of solid rock, §46, p4 
strength of stone masonry, §46, p39 
Culvert, Definition of, §49, pl 
Culverts, Arch, Construction of, §49, p44 
Arch, Dimensions of, §49, p21 
Arch, General description of, §49, p4 
Avoidance of, §49, p3 
Box, Construction of, §49, p41 
Box, Covers for, §49, p17 
Box, General description of, §49, p3 
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§49, p51 
Box, Side walls for, §49, p20 
Concrete, §49, p8& 
Concrete work for, §49, p52 
Construction of, §49, p38 
Estimates for, §47, p57 
Foundations for, §49, p35 
Laying out of, §49, p55 
Length of, §49, p36 
Location of, §49, p2 
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Multiple, §49, p4 
Open, General description of, §49, p3 
Parapets for, §49, p35 
Paving of, §49, p27 
Pipe, Construction of, §49, p38 
Pipe, General description of, §49, p4 
Standard plans for, §49, p55 
Stone box, Dimensions of, §49, p43 
Types of, §49, p3 
Uses of, §49, pl 
Waterway of, §49, p10 
Wing walls for, §49, p32 
with a grade, §49, p31 
Curb foundations, §47, p21 
walls for culverts, §49, p28 
Curved tunnels, Surveying of, §50, p8 
Curves, Running of, under ground, $50, p13 
Cushing pile foundations, §47, p45 
Cut and tunnel, Choice between, $50, pl 
Cutting edge of a caisson, §47, p33 
Cylinder-and-pile foundations, §47, p45 
foundations, §47, p39 
Cypress, Bald, Durability of, §46, p44 
Bald, Strength of, §46, p44 
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Dam spillways, Design of, §51, p11 
Dams; Classification of, §51, pl 
Coffer, §47, p27 


Dams, Construction of, §51, p46 
Drawing water off, §51, pl5 
Earth, Construction of, §51, p3 
Earth, Definition of, §51, pl 
Earth, Designs of, §5i1, pp7, 15 
Earth, Embankment for, §51, p5 
Earth, Foundations for, §51, p3 
Specifications for, §51, p46 
Spillway for, §51, p9 
Surveys for, §51, pl 
Water towers for, §51, pp17, 19 
Decay of timber, Causes of, §46, p45 
Deck of a caisson, §47, p33 
Depth of key of an arch, §49, p23 
of subfoundation below surface of ground, 
§46, p16 
Design drawing, Definition of, $52, p2 
of coffer dams, §47, p30 
of dam spillways, §51, p11 
of foundations, General remarks on, §46, p2 
of masonry dams, §51, p22 
of profile of high masonry dams, §51, p33 
of subfoundations, §46, p14 
Designers, §52, p12 
Detail drawing, Definition of, §52, p2 
Detailers, §52, p12 
Details of retaining walls, §48, p40 
Dimensions, Laying off, to scale, §52, p16 
of low masonry dams, §51, pp26, 29 
Writing of, on drawings, §52, p18 
Dip of the invert of an arch, Definition of, 
§49, p23 
Disease, Caisson, §47, p38 
Dish of the invert of an arch, Definition of, 
§49, p23 
Distances, Horizontal, Determination of, in 
tunnel work, §50, pd 
Laying off, to scale, §52, p16 
Dotiness of timber, §46, p49 
Drafting force, §52, p13 
Draftsman, Head, §52, p13 
Draftsmen, Classes of, §52, p12 
Grades of, §52, p12 
Drainage of retaining walls, §48, p42 
surface as affecting size of culvert, §49, p11 
Drains, Blind, §49, p3 
Drawing, Construction, Definition of, §52, p2 
Design, Definition of, §52, p2 
Detail, Definition of, §52, p2 
Mechanical, Definition of, §52, p2 
Scale of a, Definition of, §52, p14 
Shop, Definition of, §52, p2 
Structural, Definition of, §52, pl. 
the water off a reservoir, Appliances for, 
§51, p15 
Working, Definition of, §52, p2 
Drawings, Abbreviations used on, $52, p18 
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Drawings, .Classification of, §52, p2 
Cleaning of, §52, p23 
Dimensions on, §52, p18 
Kinds of lines used on, §52, p34 
Neatness of, §52, p31 
Pencil, §52, p3 
Pencil, General directions for making, $52, 
p40 
Writing of notes on, $52, p19 
Dredging for coffer dams, §47, p32 
Drill test of rock subfoundation, §46, p10 
Drilling for rock subfoundations, §46, p10 
for tunnels, §50, p20 
Driving of piles, §47, p3 
of piles, Hammering required in, §47, p15 
Drop-hammer pile driver, §47, p3 
Durability of timber, §46, p44 


E 


Earth dams, Construction of, §51, p3 
dams, Definition of, $51, pl 
dams, Designs of, §51, pp7, 15. 
dams, Embankment for, §51, p5 
dams, Foundations for, §51, p3 
foundation, Preparation of, §46, p23 
subfoundations, §46, p6 
subfoundations, Strength of, §46, p6 
subfoundations, Tests for, §46, p12 
Earths, Angles of repose of, §48, p6 
Coefficients of friction of, §48, p6 
Weights of, §48, p6 
Eccentrically loaded foundations, §46, p36 
Economics, Tunnel, §50, pl 
Edge, Cutting, of a caisson, §47, p33 
Electric-light process of blueprinting, §52, p11 
Elm, White, Durability of, §46, p44 
White, Strength of, §46, p44 
Embankment for dams, Specifications for, 
§51, p46 
for earth dams, §51, pS 
Ends, Pile, §47, p13 
Engineering-News pile formula, §47, pll 
Erasers, §52, p21 
Erasing from tracings, §52, p21 
rubbers, §52, p21 
shields, §52, p22 
Estimates for culverts, §48, p57 
Examination of subfoundations, §46, p9 
Excavations for caissons, §47, pp37, 41 
for masonry foundations, §47, p19 
for tunnels, §50, pp19, 27, 30 
for tunnels, Measurement of, §50, p34 
Exposure of blueprints, Time of, §52, p9 
Extrados of an arch, Definition of, §49, p21 
Eyebar head, Drawing of, §62, p43 


F 


Face boards, Meaning of the term, in tunnel 
timbering, §50, p34 
wall, §48, pl 
Factors of safety of foundation materials, §46, 
p28 
Filling, Concrete, for pile foundations, §47, p19 
of retaining walls, Definition of, §48, p2 
Spandrel, Definition of, §49, p22 
Flange of a channel, Definition of, §52, p41 
of a Z bar, Definition of, §52, p42 
of an I beam, Definition of, §52, p42 
Flare of a culvert wing, §49, p34 
Flaring wings for culverts, §49, p33 
Follower piles, §47, p15 
Foot of a retaining wall, Definition of, §48, pl 
Footing course, Definition of, §46, p25 
Footings, Definition of, §46, p25 
for foundations, Necessity of, §46, p24 
for foundations, Reinforced-concrete, §46, 
p33 
for foundations, Steel, §46, p29 
for foundations, Strength of, §46, p25 
for retaining walls, §48, p39 
Forms, Concrete, for retaining walls, §48, p36 
Foundation bed, Definition of, §46, pl 
block for high masonry dams, §51, p42 
Continuous, under two columns, §47, p23 
Definition of, §46, p1 
footings, Theory of 
pp29, 31 
Foundations, Cantilever, for buildings, §47, p23 
Classification of, §47, pl 
Combined crib and grillage, §47, p43 
Concrete for, §46, p41 
Curb, §47, p21 
Cushing pile, §47, p45 
Cylinder, §47, p39 
Eccentrically loaded, §46, p36 
Footings for, §46, p24 
for buildings, §47, p22 
for culverts, §49, p35 
for earth dams, §51, p3 
for retaining walls, §48, p36 
Freezing process for, §47, p47 
Friction of soil on, §46, p16 
General remarks on design of, §46, p2 
Masonry for, §46, p38 
Materials used for, §46, p37 
on land, §47, pl 
Open-caisson, §47, p42 
Ordinary masonry, §47, p19 
Pile, §47, pp2, 18 
Pile, under water, §47, p45 
Pneumatic, §47, p39 
Poetsch process for, §47, p47 
Reinforced-concrete footings, for, §46, p33 


cantilevers in, §46, 
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Foundations, Riprap, §47, p41 
Rock-flled timber-crib, §47, p41 
Spread, §46, p25 
Stone cutting and dressing for, §46, p40 
Timber for, §46, p42 
Tubular, on land, §47, p21 
Tubular, under water, §47, p43 
under water: Coffer-dam process, §47, p27 
under water: Concrete, §47, p46 
under water: Pneumatic processes, §47, p33 
Use of iron in, §46, p49 
Use of steel in, §46, p49 
Fractions, Writing of, on drawings, §52, p19 
Frames for blueprints, §52, pp7, 11 
Leading, in tunnel lining, §50, p38 
Freezing process fo> foundations, §47, p47 
Friction, Coefficient of, Effect of moisture on, 
§48, p6 * 
Coefficients of, for earths, §48, p6 
Coefficients of, for masonry materials, $48, p5 
Frost, Depth of, §46, p16 
Full-size scale, Definition of, §52, pl5 


G 


Geological examination of rock subfoundations, 
§46, p10 
Grade, Culverts with, §49, p31 
of tunnels, §50, p2 
Grading under ground, §50, p12 
Granite, Crushing strength of, §46, p39 
Tensile strength of, §46, p39 
Gravel subfoundations, §46, p7 
Green wall, Definition of, §48, p4 
Grillage, Use of, with piles, §47, pi8 
Gum, Sweet, Durability of, §46, p44 
Sweet, Strength of, §46, p44 


H 


Hammer Drop-, Pile driver, §47, p3 
Steam-, Pile driver, §47, p5 
Hard-pan subfoundations, §46, p7 
Haunches of an arch, Definition of, §49, p22 
Thickness of, §49, p26 
Head draftsman, §52, p13 
Eyebar, Drawing of, §52, p43 
Headings, Tunnel, §50, p19 
Heads, Pile, §47, p13 
Rivet, Drawing of, §52, p42 
Heartwood, §46, p49 
Heel of a retaining wall, Definition of, §48, p1 
Hemlock, Durability of, §46, p14 
Strength of, §46, p44 
Hickory, Durability of, §46, p44 
Strength of, §46, p44 


High masonry dams, $51, p29 
masonry dams, Accessories of, §51, p45 
masonry dams, Design of profile of, §51, p33 
masonry dams, Stresses in, §51, pp30, 32 
Horizontal distances, Determination of, in 
tunnel work, §50, p50 


I 


I beams, Drawing of, §52, p42 
Illumination in underground surveying, §50, 
pl2 
Inclined block letters, §52, p26 
piles, §47, p7 
Interior surveys for tunnels, §50, p11 
Intrados, of an arch, Definition of, §49, p21 
Radius of, §49, p23 - 
Invert of an arch, Definition of, §49, p23 
Iron, Use of, for pipe culverts, §49, p5 
Use of, in foundations, §46, p49 


i 


Key of an arch, Definition of, §49, p22 

of an arch, Depth of, §49, p23 
Keystone of an arch, Definition of, §49, p22 
Kilns for seasoning of timber, §46, p45 
Kyanizing of timber, §46, p48 


L 


Lag, Meaning of the term, in tunnel timbering 
$50, p33 
Lagging for concrete arches, §49, p53 
for tunnel shafts, §50, p25 
in tunnel work, §50, p33 
Use of, in masonry tunnel lining, §50, p39 
Lamp, Plummet, §51, pJ2 
Land ties for retaining walls, §48, p2 
Lateral pin, Drawing of, §52, p45 
Laying off distances to scale, §52, p16 
out of culverts, §49, p55 
Leading frames, Use of, in tunnel lining, $50, 
p38 
Length of culverts, §49, p36 
Lettering for construction drawings, §52, p24 
Letters, Inclined block, §52, p26 
Vertical block, §52, p24 
Working, §52, p28 
Leveling for dams, §51, pl. 
underground, §50, p12 
Levels for tunnel work, §50, pd 
Lift, Sand, of a caisson, §47, p37 
Lighting of tunnels, §50, p24 
Limestone, Crushing strength of, §46, p39 
subfoundations, Crushing strength of, $46, 
p4 
Tensile strength of, $46, p39 
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Line measurements in tunnel work, $50, pd 
Lines, Center, §52, p3 
Classes of, used in drawing, $52, p34 
Hidden surface, §52, p35 
Section, §52, p37 
Spring, of an arch, Definition of, §49, p21 
Surface, §52, p34 
of tunnel shafts, §50, p25 
Lining of tunnels, §50, p35 
Load, Safe, on earth subfoundations, $46, p7 
Safe, on rock subfoundations, §46, pt 
Loads on box culvert covers, §49, p17 
Safe, on masonry, §46, p40 
Location of culverts, §49, p2 
Locust, Black, Durability of, §46, p44 
Black, Strength of, §46, p44 
Loop-welded rod, Drawing of, §52, p45 
Loose-rock subfoundations, §46, p5 
Low masonry dams, $51, p22 


M 


Machines, Drilling, for rock subfoundations, 
§46, p10 
Manifold nozzles, §50, p20 
Maple, White, Durability of, §46, p44 
White, Strength of, §46, p44 
Marble, Crushing strength of, §46, p39 
Tensile strength of, §46, p39 
Masonry and timber (Plate), §52, p36 
dams, Definition of, §51, pl 
dams, High, §51, p29 
dams, High, Accessories of, §51,-p45 
dams, High, Design of profile of, §51, p33 
dams, High, Stresses in, §51, pp30, 32 
dams, Low, §51, p22 
dams, Low, Dimensions of, §51. pp26, 29 
dams, Resistance of, to overturning, $51, p25 
dams, Resistance of, to sliding, §51, p23 
dams, Theory and design of, §51, p22 
dams, Thrust on, §51, p22 
for foundations, §46, p38 
foundations on land, §47, p19 
lining for tunnels, §50, p36 
Range, §52, p39 
retaining wall, Drawing of, §52, p36 
Rubble, Coursed, Definition of, §52, p39 
Rubble, Representation of, §52, p39 
Rubble, Uncoursed, Definition of, §52, p39 
Safe loads on, §46, p39 
Squared-stone, Representation of, §52, p39 
Materials for box-culvert covers, §49, p19 
for culverts, §49, pd 
tor subfoundations, §46, p3 
used for foundations, §46, p37 
used for retaining walls, §48, p31 
Measurement of tunnel excavation, §50, p34 


Measurements, Line, in tunnel work, §50, p5 
Measuring scales used in drawing, §52, p15 
Mechanical drawing, Definition of, §52, pl 
Middle third, Rule of, §46, p20 
Moduli of rupture of foundation materials, §46, 
p28 
Molds for masonry tunnel lining, §50, p38 
Moment of stability of a retaining wall, Der- 
nition of, §48, p3 
Mooring piles, Definition of, §47, p2 
Mortar, Cement-lime, §42, p19 
Definition for culverts, §49, p7 
Mixing of, in freezing weather, §49, p7 
Moseley’s theory of retaining walls, §48, p15 
Muck in tunnel work, §50, p27 
Mud-pump, §47, p37 
Multiple culverts, §49, p4 
Myer’s formula for culvert waterway, §49, pl4 


N 


Natural scale in drawing, $52, p15 

Neatness of drawings, §52, p31 

Notes on drawings, Writing of, §52, p19 

Nozzle, Manifold, §50, p20 

Number of a drawing plate, Directions for 
placing, §52, p18 

Nut, Pin, Drawing of, §52, p45 
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Oak, Red, Durability of, §46, p44 
Red, Strength of, §46, p44 
White, Durability of, §46, p44 
White, Strength of, §46, p44 
Oil, Creosote, Use of, for preservation of timber 
§46, p47 
Open-caisson foundations, §47, p42 
culverts, General description of, §49, p3 
Outlets from reservoirs, §51, p18 
Overtlow of a dam, Definition of, §51, p9 
of a dam, Dimensions of, §51, p9 
Overturning of masonry dams, §51, pp25, 28 
of retaining walls, Cause of, §48, p3 
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Paper, Blueprint, Directions for making, §52, po 
Sensitized, for blueprints, §52, pp4, 5 
Tracing, §52, p3 

Parapets for culverts, §49, p35 

Pavement, Concrete, for culverts, §49, p29 
Stone, for culverts, §49, p28 
Timber, for culverts, §49, p29 

Paving of culverts, §49, p27 

Pen, Ruling, Use of, in tracing, §52, p20 
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Pencil drawings, §52, p3 
drawings, General directions for making, 
§52, p40 
lines, Drawing of, on tracings, §52, p21 
Pile-and-cylinder foundations, §47, p15 
Definition of, §47, p2 
driver, Drop-hammer, §47, p3 
driver, Steam-hammer, §47, p5 
drivers, §47, p3 
drivers, Location of, §47, p7 
ends, §47, p13 
formulas, §47, p10 
foundations, §47, pp2, 18 
foundations under water, §47, p54 
heads, §47, p13 
Pilot, §47, p10 
points, §47, p13 
Files, Concrete, §47, p10 
Cutting of, §47, p14 
Driving of, §47, p3 
Follower, $47, p15 
Hammering required in Griving, §47, p15 
Inclined, §47, p7 
Kinds of, §47, p2 
Pneumatic, §47, p39 
Screw, §47, p8 
Sinking of, by pile drivers, §47, p3 
Sinking of, by water jet, §47, p8 
Spacing of, §47, p15 
Splicing of, §47, p13 
Supporting power of, §47, p10 
Timber for, §47, p16 
Use of, for foundations, §47, p3 
Use of, under retaining walls, §48, p40 
Withdrawing of, §47, p16 
Viling, Sheet, §47, p16 
Pilot pile, §47, p10 
Pin, Cotter, Drawing of, §52, p45 
Lateral, Drawing of, §52, p45 
nut, Drawing of, §52, p45 
Pine, Loblolly, Durability of, §46, p44 
Loblolly, Strength of, §46, p44 
Long-leaf, Durability of, §46, p44 
Long-leaf, Strength of, §46, p44 
Short-leaf, Durability of, §46, p44 
Shozt-leaf, Strength of, §46, p44 
White, Durability of, §46, p44 
White, Strength of, §46, p44 
Pipe culverts, Construction of, §49, p38 
culverts, General description of, §48, p4 
Pits, Test, for subfoundations, §46, p12 
Plans for culverts, Standard, §49, p55 
Plate 101, Title: Practice Sheet, $52, p31 
102, Title: Masonry and Timber, §52, p36 
103, Title: Structural Standards, §52, p41 
Plates, Directions for drawing, §52, p18 
Directions for tracing, $52, p19 


Plates, How to send) to Schools, §52, p31 
Size of, §52, p18 
Plummet lamp, §50, p12 
Pneumatic foundations, §47, p39 
piles, §47, p39 
Poetsch process for foundations. §47, p47 
Points, Pile, §47, p13 
Poling boards, Meaning of the term, in tunnel 
timbering, §50, p33 
Portals for tunnels, §50, p40 
Power plant for tunnels, §50, p23 
Practice Sheet (Plate), §52, p31 
Preservation of timber, §46, p45 
Pressure in plastic materials, §46, p17 
on foundation from unequally distribute] 
load, §51, p30 
on subfoundations, §46, p16 
on subfoundations, Effect of lateral forces 
on, §46, p19 
on subfoundations, Theory of, §46, pl4 
Prism of maximum, on retaining wall, §48, 
plo 
Slope of maximum, on a retaining wall, 
§48, p10 
Total, on base of retaining wall, §48, p17 
Water, on a dam, §51, p22 
Prism of maximum pressure on a retaining 
wall, §48, p10 
Pudding stone, Definition of, §46, pS 
Puddle, Definition of, §51, p4 
walls for earth dams, §51, p4 
Pump, Mud, §47, p37 


Q 


Quicksand subfoundations, §46, p& 


R 


Rainfall, Effect of rate of, on size of culverts, 
§49, pll 
Random range masonry, Definition of, §52, p39 
Range masonry, Definition of, §52, p39 
Rankine’s formula for pressure in plastic 
materials, §46, p17 
Reinforced-concrete beams, Johnson’s formula 
for, §46, p34 
-concrete box culverts, 
§49, pol 
-concrete culverts, §49, p9 
-concrete footings for foundations, §46, p33 
-concrete retaining wall, Drawing of, §52, p°7 
-concrete retaining walls, Construction of 
§48, p36 
concrete, Working strength of, §49, p20 
Relieving arches, §48, p43 
Removal of excavated material from tunnels. 
$50, p27 


Construction of, 
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Repose, Angles of, for earths, §48, p6 
Angles of, for masonry materials, §48, pd 
Reservoirs, Appliances for drawing the water 
off, §51, p15 
Retaining wall, Masonry, Drawing of, $52, p36 
wall, Parts of, §48, pl 
wall, Reinforced-concrete, Drawing of, §52, 
p37 
wall, Timber, Drawing of, §52, p40 
wall with battered back, Stability of, §48, 
ppl3, 20, 26 
wall with battered face, Stability of, §48, 
ppl4, 23, 27 
walls, Back of, §48, p41 
walls, Bonding of, §48, p42 
walls, Bulging of, §48, p4 
walls, Cause of overturning of, §48, p3 
walls, Causes of failure of, §48, p3 
walls, Classes of, §48, pl 
walls, Construction of, §48, p31 
walls, Coping of, §48, p40 
walls, Coulomb's theory of, §48, p10 
walls, Crushing of, §48, p30 
walls, Details of, §48, p40 
walls, Drainage of, §48, p42 
walls, Empirical rules for, §48, p26 
walls, Foundations for, §48, p36 
walls, Materials used for, §48, p31 
walls, Moseley’s theory of, §48, p15 
walls, Object of, §48, pl 
walls, Settlement of, §48, p30 
walls, Sliding of, §48, pp4, 18 
walls, Stability of, §48, p3 
walls, Stability of, Theories of, §48, pS 
walls, Surcharged, §48, pp21, 28 
walls, Surcharged, Table of dimensions for, 
$48, p29. 
Riprap foundations, §47, p41 
Rise of an arch, Definition of, §49, p21 
Rivets, Drawing of, §52, p42 
Rock, Loose-, Subfoundations, §46, p5 
Solid, Crushing strength of, §46, p4 
subfoundation, Preparation of, §46, p22 
subfoundations, §46, p3 
subfoundations, Examination and tests of, 
§46, p10 
Rod,.Loop-welded, Drawing of, §52, p45 
Rolling frames for blueprints, §52, p1’ 
Rounds of holes in tunnel work, §50, p20 
Rubber erasers, §52, p21 
Rubble concrete, §48, p36 
masonry, Coursed, §52, p39 
masonry, Representation of, §52; p39 
masonry, Uncoursed, §52, p39 
Rule of the middle third, §46, p20 
Ruling pen, Use or, in tracing. §52, p20 


INDEX 


s 


Safe load on earth subfoundations, §46, p7 
load on rock subfoundations, §46, p4 
loads on masonry, §46, p40 

Sand lift of a caisson, §47, p37 
subfoundations, §46, p7 

Sandstone, Crushing strength of, §46, ps9 


subfoundations, Crushing strength of, §46, p4 


Tensile strength of, §46, p39 
Sap, wood, §46, p49 
Scale, Full-size, Definition of, §52, p15 
Laying off distances to, §52, p16 
Natural, in drawing, §52, p15 
of a drawing, Definition of, §52, pl4 
Triangular, $32, pl5 
Scales, 
§52, pl7 
Measuring, used in drawings, §52, p15 
Screw piles, §47, p8 
Sea walls, §48, ppl, 42 
Seasoning of timber, §46, p45 
Section lines, $42, p37 
Segmental arch, Definition of, §49, p23 
Semicircular arch, Definition of, $49, p23 
Sensitized paper for blueprints, §52, pp4, 5 


Set of timbers in tunnel work, Definition of, 


§50, p33 
Shafts, Tunnel, Lining of, §50, p25 
Tunnel, Uses of, §50, pp13, 25 
Shale subfoundations, 
$46, p4 
Shapes, Structural, Drawing of, §52, p41 
Sheet piles, Definition of, §47, p3 
piling, §47, p16 
Sheeting for concrete arches, §49, p53 
Use of, in excavations, §47, p19 
Shields, Erasing, §52, p22 
Shop drawing, Definition of, §52, p2 
Side walls of box culverts, §49, p20 
Sinking of caissons, §47, p36 
of piles, §47, p3 
Sliding of masonry dams, §51, pp23, 28 
of retaining walls, §48, pp4, 18 


Slope of maximum pressure on a retaining 


wall, §48, p10 
Slopes for earth dams, $51, p6 
Soffit of an arch, Definition of, §49, p21 
Soil, Bearing capacity of, §46, p17 


Effect of character of, on size of culverts, 


§49, pll 
Spacing of piles, §47, p15 
Span of an arch, Definition of, §49, p21 
Spandrel filling, Definition of, §48, p22 
of an arch, Definition of; §49, p22 
Specifications for dams, §51, p46 
Spillway of a dam, Capacity of, §51, p10 
of a dam, Definition of; §51, n9 


Measuring, for drawing, Making of, 


Crushing strength of, 
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Spillway of A dam. Dimensions of, $51, p9 
Spillways, Accessories of, §51, p13 
for dams, Design of, §51, pll 
Splay of a culvert wing, §49, p34 
Splice, Definition of, §47, p14 
Splicing of piles, §47, p13 
Spread foundations, §46, p25 
Spring lines of an arch, Definition of, §49, p21 
Springs of an arch, Definition of, §49, p21 
Spruce, Black, Durability of, §46, p44 
Black, Strength of, §46, p44 
Douglass, Durability of, §46, p44 
Douglass, Strength of, §46, p44 
Squared-stone masonry, 
$52, p39 
Stability, Moment of, Definition of, §48, p3 
of masonry dams, $51, pp23, 25, 28 
of retaining walls, §48, p3 
of retaining walls, Theories of, §48, p8 
Standard plans for culverts, §49, p55 
Steam hammer pile driver, §47, pd 
Steel footings for foundations, §46, p29 
Use of, for pipe culverts, §49, p5 
Use of, in foundations, §46, p49 


Stone arch culverts, Construction of, §49, p44 


box culverts, Construction of, §49, p41 
box culverts, Dimensions of, §49, p43 
cutting for foundations, §46, p40 
dressing for foundations, §46, p40 
for retaining walls, §48, p32 
masonry for culverts, §49, p6 
masonry for foundations, §46, p38 
masonry, Strength of, §46, p39 
pavement for culverts, §49, p28 
Pudding, Definition of, §46, p5 
retaining walls, Construction of, §48, p32 
Stop-planks, §51, p18 
Straight wings for culverts, §49, p32 
Strength, Crushing, of solid rock, §46, p4 
of brick masonry, §46, p39 
of earth subfoundations, §46, p6 
of footings for foundations, §46, p25 
of rock subfoundations, §46, p4 
of stone masonry, §46, p39 
of stones used for culverts, §49, p18 
of timber, §46, p44 


Transverse, of foundation materials, §46, 


p28 


Working, of plain and reinforced concrete, 


$49, p20 


Stresses from unequally distributed pressure, 


§51, p30 
in high masonry dams, §51, pp30, 32 


Working, of stones used for culverts, §49, p18 
Striking the centers in tunnel lining, §50, p40 


Structural drawing, Definition of, §52, pl 
shapes, Drawing of, §52, p41 


Representation of, 


Structural Standards (Plate), §52, p41 
timber, Kings of, §46, p42 
Struts, Meaning of the term, in tunnel timber- 
ing, $50, p33 
Subfoundation, Definition of, §46, pl 
Depth of, below surface of ground, §46, p61 
Earth, Preparation of, §46, p22 
Required area of, §46, p14 
Rock, §46. p3 
Rock, Preparation of, §46, p23 
Subfoundations, Design of, §46, pl4 
Distribution of pressure on, §46, p19 
Earth, §46, p6 
for buildings, §47, p23 
for culverts, §49, p35 
for earth dams, §51, p3 
Gravel, §46, p7 
Hard-pan, §46, p7 
Loose-rock, $46, p5 
Materials for, §46, p3 
of mixed materials, §46, p9 
Quicksand, $46, p8 
Rock, Examination and test of, §46, p10 
Sand, §46, p7 
Theory of pressure on, §46, p14 
under water, §47, p44. 
Surcharge on a retaining wall, Definition of, 
§48, p2 
Surcharged retaining walls, §48, pp21, 28. 
retaining walls, Table of dimensions for 
$48, p29 
Surface lines, §52, p34 
lines, Hidden, §52, p35 
Surveying, Tunnel, §50, p3 
Surveys for dams, $51, pl 
Interior, for tunnels, §50, p11 


7 


Table of coefficients of friction and angles of 
repose of masonry materials, §48, p5 
of coefficients of friction, angles of repose, 
and weights of earths, §48, p6 
of crushing strength of rock, §46, p4 
of dimensions for stone box culverts, §49, p44 
of dimensions for surcharged retaining walls, 
§48, p29 
of moduli of rupture of foundation materials, 
$46, p28 
of strength and durability of timber, §46, ptt 
of strength of masonry, §46, p40 
of strengths of stones and bricks, §46, p39 
Tables of dimensions of concrete arch culverts, 
§49, pp47, 49 
Talbot’s formula for culvert waterway, $49, pi? 
Terra cotta, Use of, for culverts, §49, p5 


2 INDEX 


Test, Drill, for rock subfoundations, §46, p10 
pits for subfoundations, §46, p12 
wells for subfoundations, §46, p12 
Tests for earth subfoundations, §46, p12 
of subfoundations, §46, p9 
Thrust on a dam, §51, p22 
Ties, Land, for retaining walls, §48, p2 
Timber and Masonry (Plate), §52, p36 
box culverts, Construction of, §49, p40 
Causes of decay of, §46, p45 
Durability of, §46, p44 
for foundations, §46, p42 
for foundations, Quality of, §46, p49 
for piles, §47, p16 
lining for tunnels, §50, p36 
pavement for culverts, §49, p30 
Preservation of, §46, p45 
retaining wall, Drawing of, §52, p40 
Seasoning of, §46, p45 
Strength of, §46, p44 
Structural, Kinds of, §46, p42 
Use of, for culvert covers, §49, p20 
Use of, for culvert foundations, $49, p35 
Use of, for culverts, §49, p6 
Time as a dimension factor in spillways, §51, 
plo 
of exposure of blueprints, $52, p9 
Title of a plate, Directions for placing, §52, p18 
Toe of a retaining wall, Definition of, §48, pl 
Towers, Water, for dams, §51, pp17, 19 
Tracers, §52, p13 
Tracing cloth, §52, p3 
Definition of, §52, p3 
of plates, Directions for, §52, p19 
paper, §52, p3 
Use of the ruling pen in, §52, p20 
Tracings, Cleaning of, $52, p23 
Directions for making, §52, p3 
Drawing of pencil lines on, §52, p21 
Erasing from, §52, p21 
Track, Care of, in tunnels, §50, p28 
Transit, Tunnel, §50, p4 
Transverse strength of foundation materials, 
§46, p28 
wings for culverts, §49, p34 
Trap rock, Crushing strength of, §46, p39~ 
rock, Tensile strength of, §46, p39 
Trautwine’s rules for retaining walls, §48, p26 
Triangular measuring scale, §52, p15 
Tubular foundations on land, §47, p21 
foundations under water, §47, p43 
Tunnel and open cut, Choice between, §50, 
pl 
approaches, §50, p2 
construction, §50, p16 
economics, §50, pl. 
excavation, §50, pp19, 27, 30 


Tunnel headings, §50, p19 
method of drawing water through datn, §51, 
pld ‘ 
shafts, Lining of, §50, p25 . 
shafts, Uses of, §50, pp13, 25 
surveying, §50, p3 
transit, §50, p4 
Tunnels, Best alinement of, §50, p2 
Cross-sections of, §50, p16 
Curved, Surveying of, §50, p8 
Grade of, §50, p2 
Lighting of, §50, p24 
Lining of, §50, p35 
Portals of, §50, p40 
Timbering of, §50, p30 
Ventilation of, §50, p23 


U 


Uncoursed rubble masonry, Definition of, §52, 
p39 
Underground surveying for tunnels, §50, pli 


iV; 


Ventilation of tunnels, §50, p23 
Vertical block letters, §52, p24 

retaining wall, Definition of, §48, pl 
Voussoirs of an arch, Definition of, §49, p22 
Vulcanizing of timber, §46, p46 


Ww 


Wall, Brick masonry, Drawing of, §52, p38 
Center, of an earth dam, §51, p3 
Face, §48, pl 
Green, Definition of, §48, p4 

Walls, Apron, for culverts, §49, p28 
Cross, for culverts, §49, p28 
Curb, for culverts, §49, p28 
for arch culverts, Batter of, §49, p25 
of arch culverts, Thickness of, §49, p24 
Parapet, §49, p35 
Puddle, for earth dams, §51, p4 
Sea, Use of, §48, ppl, 42 
Side, of box culverts, §49, p20 
Wharf, §48, p1 
Wing, for culverts, §49, p32 

Wash boring, §46, p13 

Waste weir of a dam, Definition of, §51, p9 
column, Use of, in caissons, §47, p41 
Drawing off, from reservoirs, §51, pls 
jet, Sinking of piles by, §47, p8 
pressure on a dam, §51, p22 
Removal of, in foundation work, §47, p20 
-tightness of coffer dams, §47, p31 
towers for dams, §51, pp17, 19 
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